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THE ESTIMATION OF AMINO ACID NITROG 
ANIMAL TISSUES. 


By JAMES MURRAY LUCK. 


(From the Department of Chemistry, Stanford University, California.) 


(Received for publication, December 29, 1927.) 


Of the existing methods for the determination of amino acid 
nitrogen in animal tissues, those of Folin and Denis (1) and of 


CORRECTIONS. 


On pages 721 and 722, Vol. Ixxiii, No. 2, June, 1927, Table LX, in the 
a" of the next to the last column, read 0.0! y HCl for 1.025 v 


Procedure. 


A portion of tissue, approximately 4 to 5 gm. in weight, is 
excised and dropped into a mortar containing liquid air. The 
sample is finely powdered, meanwhile being kept thoroughly frozen. 
A 3 gm. portion of the powder is then weighed out to the nearest 
mg. The use of asmall weighing bottle and a chainomatic balance 
permits this to be done rapidly and reduces to a negligible amount 
the error from water condensation and air currents. The material 
is then transferred quantitatively with boiling 0.01 N acetic acid 
to a tube 8 X 1 inches, graduated to 50 ce. 30 to 35 cc. of the acetic 
acid are used in several portions of 5 to 10 cc. each. The tube is 
promptly immersed in a water bath and left for 7 minutes after 
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THE ESTIMATION OF AMINO ACID NITROG 
ANIMAL TISSUES. 


By JAMES MURRAY LUCK. 


(From the Department of Chemistry, Stanford University, California.) 
(Received for publication, December 29, 1927.) 


Of the existing methods for the determination of amino acid 
nitrogen in animal tissues, those of Folin and Denis (1) and of 
Van Slyke (2) are best known and most extensively employed. 
Both of them are long and tedious and call for rather large tissue 
samples. Also methyl aleohol containing zine chloride is em- 
ployed as an extractive by Folin and Denis and ethyl alcohol as a 
protein precipitant by Van Slyke. In both cases there are grounds 
for believing (1, 3-6) that some of the amino acids are lost in the 
treatment with aleohol. An attempt has therefore been made to 
develop a method which would be free from these disadvantages. 

The one to be described is a modification of the Greenweald- 
Bock-Blau (5-7) technique for the determination of the amino 
acid content of blood. It has been used by the author primarily 
for the analysis of liver and muscle. 


Procedure. 


A portion of tissue, approximately 4 to 5 gm. in weight, Is 
excised and dropped into a mortar containing liquid air. The 
sample is finely powdered, meanwhile being kept thoroughly frozen. 
A 3 gm. portion of the powder is then weighed out to the nearest 
mg. The use of asmall weighing bottle and a chainomatic balance 
permits this to be done rapidly and reduces to a negligible amount 
the error from water condensation and air currents. The material 
is then transferred quantitatively with boiling 0.01 N acetic acid 
to a tube 8 X 1 inches, graduated to 50 ce. 30 to 35 cc. of the acetic 
acid are used in several portions of 5 to 10 cc. each. The tube is 
promptly immersed in a water bath and left for 7 minutes after 
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the temperature uf the tissue suspension has reached the boiling 
point. The tube should be shaken from time to time. After 7 
minutes boiling the tube is removed from the bath and allowed 
to cool. 3 ee. of 50 per cent trichloroacetic acid are now added 
and the volume accurately made up to 50 ec. with water. The 
suspension is mixed thoroughly and permitted to stand for 30 
minutes. At the end of this time 2 gm. of infusorial earth are 
added. The mixture is shaken vigorously for 10 to 15 seconds and 
filtered. Of the filtrate (37 to 38 ec. are quickly obtained) 35 ce. 
are measured into a 100 ec. beaker and evaporated over a free 
flame or on a hot plate to about 10 ec. 10 per cent sodium hy- 
droxide is now added until the solution is alkaline to phenol- 
phthalein. Usually 10 to 20 drops are required. Boiling of the 
alkaline solution is continued for 2 minutes. It is then acidified 
by adding an excess of glacial acctie acid and the concentration 
continued with care to a final volume of about 1 ec. The residue 
is washed into the Van Slyke apparatus for determination of the 
amino acid nitrogen. 


DISCUSSION. 
Preparation of the Sample. 


The use of liquid air presents several obvious advantages. In 
the first place the temperature of the sample may be lowered 
rapidly toa point where postmortem changes proceed immeasurably 
slowly. That this is an important consideration may be inferred 
from recent work on the inorganic phosphorus of muscle (8) and 
from the many investigations of lactic acid metabolism. Of equal 
importance is the destruction of the cells by freezing and thawing 
and the obtaining of a brittle mass which may be reduced readily 
to a very fine powder. 

In most work on tissue analysis unfrozen material has been 
employed—being minced, finely ground with sand or powdered 
glass, or desiccated at 70—80° (9). 


Treatment with 0.01 N Acetic Acid. 


The purpose of this part of the procedure is to extract the amino 
acids, to remove most of the proteins by heat coagulation, and to 
destroy as rapidly as possible the tissue enzymes. 
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We have found by trial that the concentration of the acetic 
acid may be varied rather widely. Theoretically it might appear 
desirable for most complete heat coagulation to employ a buffer 
solution of pH 4 to 5. Probably with this end in view dilute 
mixtures of acetic acid and sodium acetate have been used by 
Autenrieth and Funk (10) and Mukai (11), while Hohlweg (12) and 
Richter-Quittner (13) employed mixtures of acetic acid and acid 
potassium phosphate for the same purpose. Since it was found by 
trial that 0.01 N acetic acid gave excellent coagulation under the 
conditions adopted, the use of a buffer was not attempted. 

It did appear likely, however, that neutral salts would facilitate 
extraction of the amino acids (when in high concentration by 
exosmosis) and assist coagulation of the proteins. Neutral salts, 
usually sodium chloride or sodium sulfate, as aids in heat coagu- 
lation and extraction were used by Liborius (4), Freund and Lau- 
bender (14), Fischer (15), Richter-Quittner (13), and many others. 
We investigated the effect of sodium chloride and calcium chloride 
additions but with results which showed their use to be unnecessary 
if not even inadvisable in this method. The amino acid values 
obtained on the samples treated with neutral salts were no greater 
than the control. ‘Trouble was also experienced in the cases of 
high salt concentration through crystallization of the salt during 
evaporation of the filtrates. 

The time of heating was fixed rather arbitrarily at 7 minutes. 
By gross observation of the tubes, coagulation appeared to be 
complete within 2 or 3 minutes. Long heating is undesirable 
because of the expenditure of time and the danger, small though 
it may be, of protein hydrolysis. 


Treatment with Trichloroacetic Acid. 


A portion of the tissue protein usually fails to be coagulated 
and must be removed by other means. For this purpose a great 
variety of precipitants has been applied to protein-containing 
fluids, frequently without any preliminary coagulation of the 
albumins and globulins. Uranium acetate was introduced by 
Kowalewsky (16) but has not been very extensively used. Subli- 
mate (17) in acid solution enjoyed great popularity for 15 or 20 
years. Other metallic salts, such as copper sulfate (18), lead 
acetate (19), and mercuric chloride (20), have been used con- 
siderably. Of the various alkaloidal reagents picrie acid, meta- 
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phosphorie acid, phosphomolybdie acid, tannic acid—the latter 
being of particular service as a peptone precipitant—and phos- 
photungstic acid for more extensive precipitation have been widely 
used. ‘Tungstic acid (21) has gained universal usage within 
recent years. 

Tinally there are three volatile precipitants which might appear 
to be most satisfactory, since in view of concentrating the filtrate 
to one-twentieth or less of its original volume it is desirable that 
an excess of the precipitant be capable of ready removal. These 
are ethyl alcohol, methyl alcohol, and trichloroacetic acid. The 
first has been used more extensively than any other protein pre- 
cipitant. It has been of special value as a solvent for urea in the 
analysis of tissues for this substance. The use of methyl alcohol 
was instituted by Folin and Denis (1). Owing, however, to the 
precipitation of amino acids by these aleohols (1, 3-6), their use 
in the determination of amino acids in tissues does not appear 
advisable. 

Trichloroacetie acid, on the other hand, is a specific protein 
precipitant. Because of its sensitivity it was first recommended 
for the detection of protein in urine (22) and rapidly gained favor 
as a reagent for blood and tissue analysis. It is a quantitative 
precipitant of the albumins and globulins and apparently does 
not precipitate proteoses, peptones, or polypeptides (23). 

Relatively low concentrations of trichloroacetic acid (2 to 4 per 
cent) are effective. We investigated the effect of higher concen- 
trations but with the development of serious difficulties in the 
later stages of the procedure, which rendered their use undesirable. 
The 35 ee. portions of filtrate containing 10 to 15 per cent of 
trichloroacetic acid spattered badly during concentration. Much 
of the excess trichloroacetic acid failed to be destroyed, during 
evaporation, and gave a final concentrate of rather high specific 
gravity. On being transferred to the Van Slyke pipette it settled 
in the narrow portion above the drainage tap where it failed to 
mix with the nitrous acid. The results obtained were low, not 
because of an increased precipitation by higher concentrations of 
trichloroacetic acid but because of failure of the concentrate to 
react in the Van Slyke apparatus. This explanation probably 
applies to a difficulty of a similar nature encountered by Bock (6). 
The time of precipitation (30 minutes) is that used by Greenwald 


(5). 
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Treatment with Infusorial Earth. 


Infusorial earth is used to facilitate filtration and to remove some 


nitrogenous substances which react with nitrous acid but are not 
simple amino acids. They are probably proteoses and peptones 
principally. In the absence of infusorial earth higher amino 
nitrogen values are obtained. That this is not due to the adsorp- 
tion of amino acids by infusorial earth is to be inferred from the 
quantitative recovery of added amino acids and the observations 
of Michaelis, Pincussohn, and Rona (24), with mastic and kaolin. 
It is known, nevertheless, that these and other acid silicates are 
excellent adsorbents of proteins, proteoses, and peptones (25). 
Alumina cream and colloidal iron are other adsorbents commonly 
employed to the same end. 


Treatment of the Filtrate. 


The muscle filtrates have always been observed to be clear and 
colorless. The liver filtrates are always slightly yellow. If gly- 
cogen is present, they are faintly opalescent. 

The original purpose of boiling for 2 minutes or so in alkaline 
solution was to remove ammonia arising from the hydrolysis of 
urea. Bock (6) added urease in the form of soy bean meal to the 
blood samples to bring about this hydrolysis. It is doubtful 
whether the precaution is desirable. Soy bean meal and most of 
the partly purified urease preparations contain appreciable quan- 
tities of amino nitrogen. We are inclined to agree with Blau (7) 
that the use of soy bean meal in this connection is not advisable. 
Although we have omitted, therefore, the destruction of urea, 
we have found it necessary to retain Pock’s practice of boiling 
for a brief period in an alkaline solution. Ammonia, 13 to 17 mg. 
per 100 gm. of tissue, is given off. It will also be observed that 
the amino nitrogen values are unduly high if this precaution be 
omitted. 


EXPERIMENTAL. 


In much of this work the thigh muscles of rabbits were employed. 
Itlsewhere livers and thigh muscles of albino rats were used. After 
24 hours fasting they were killed by stunning and bled by decapi- 
tation (rabbits) or a deep incision through the thorax (rats). 
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Experiment I. Extraction wih Neutral Salts—To 3 gm. por- 
tions of the frozen powdered muscle of a young rabbit were added 
5 ec. of a solution of sodium chloride or calcium chloride of the 
strength indicated. After 5 minutes at room temperature, the 
suspension was transferred to the dilute acetic acid and boiled for 
7 minutes. The estimations were continued according to the 
method described. The results are presented in Table I. 

Experiment II. Prompt Excision of Tissue Is Advisable.— 
Samples weighing 4 to 5 gm. were excised from the thigh muscles 
of an adult rabbit at intervals after killing of 2, 10, 18, and 33 
minutes, respectively. The corresponding amino nitrogen values 
expressed 1n mg. per 100 gm. of tissue were 42.3, 45.1, 48.5, 47.8. 

Experiment III. Treatment with Trichloroacetic Acid.—(a) 
Liver and muscle of an adult rabbit were used, and the routine pro- 


TABLE I. 


cedure was altered by adding to the heat-coagulated 3 gm. portions, 
trichloroacetic acid in final concentrations of 3, 6, 9, and 12 per 
cent, respectively, and omitting the treatment with infusorial 
earth. The corresponding amino nitrogen values in mg. per 100 
gm. of tissue were: muscle, 45.5, 45.8, 35.8, 19.0; liver, 55.6, 48.9, 
43.7, 33.4. 

(b) From the livers and thigh muscles of four male rats pooled 
samples of frozen liver and muscle, 15.16 and 15.15 gm. respec- 
tively, were weighed out. 150 to 175 ec. of the dilute acetic acid 
were employed in heat coagulation, trichloroacetic acid was added 
in a final concentration of 3 per cent, and each was diluted to 250 
ec. After 30 minutes standing, infusorial earth being omitted, 
the samples were filtered. To 40 ec. portions of the respective 
filtrates trichloroacetic acid was now added in increasing quanti- 
ties. ach portion was then diluted to 52 ce. and after a further 
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30 minutes the newly formed precipitate which was very slight 
in quantity was removed by centrifuging. In this way the effect 
of trichloroacetic acid in concentrations of 3, 6, 9, 12, and 15 per 
cent was determined. ‘The corresponding amino nitrogen values 
in mg. per 100 gm. of tissue were: muscle, 61.1, 58.2, 50.3, 41.4, 
23.9; liver, 42.3, 34.4, 28.9, 22.7, 20.0. 

(c) 15 gm. samples of rabbit liver and muscle were treated as 
in Experiment III, b except that infusorial earth was used after 
the first addition of trichloroacetic acid. When further quantities 
of trichloroacetic acid (up to 15 per cent) were added to portions 
of the resultant filtrates, no precipitates formed. The fluids 
remained perfectly clear. The material which is capable of 
precipitation by higher concentrations of trichloroacetic acid may 
also be adsorbed by infusorial earth. 

(d) 15 gm. samples of rat liver and muscle were treated as in 
Experiment III, b. No precipitate formed when increasing 
quantities of trichloroacetic acid were added to portions of the 
respective filtrates. Nevertheless those portions now containing 
trichloroacetic acid in concentrations of 3, 6, 9, 12, and 15 per cent 
respectively were evaporated in the usual manner. ‘The corre- 
sponding amino nitrogen values expressed in mg. per 100 gm. of 
tissue were: muscle, 50.0, 52.5, 49.3, 32.3, 36.4;! liver, 44.7, 44.2, 
34.5, 32.2, 20.9. 

(e) A not unlikely explanation of the amino nitrogen decrease 
observed in Experiment III, d would be through anhydride 
formation, for, as the concentrate became progressively more 
dense in the higher concentrations of trichloroacetic acid, the 
boiling point would be higher, and anhydride formation would 
proceed more rapidly. This possibility was now examined. 

Three solutions of the following compositions were prepared: 
(A) 1 ce. of an amino acid solution (1.22 mg. of amino nitrogen) 
obtained by the total hydrolysis of egg albumin; 10 ec. of 50 per 
cent trichloroacetic acid; 22 cc. of water. (B) 1 ec. of the amino 
acid solution; 2 ce. of 50 per cent trichloroacetic acid; 30 cc. of 
water. (C) 5 ec. of the amino acid solution; 10 cc. of 50 per cent 


1The Van Slyke pipette was shaken occasionally while the concen- 
trated sample was run in from the side burette. This produced a partial 
mixing of the materials and decreased the degree of settling of the con- 
centrate in the bottom of the pipette. 
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trichloroacetic acid; 18 ec. of water. These solutions were con- 
centrated in the usual way, Solutions A and B being reduced to 
about 2 ec. and transferred in foto to the Van Slyke apparatus, 
Solution C being similarly reduced but finally made up to exactly 
10 ec. with water. Of the latter, 2 cc. samples were used for 
analysis in the Van Slyke apparatus. The analytical results were 
as follows: (A) 15 per cent trichloroacetic acid, 0.57 mg. of amino 
nitrogen, 47 per cent recovery; (B) 3 per cent trichloroacetic acid, 
1.22 mg. of amino nitrogen, 100 per cent recovery; (C) 15 per cent 
trichloroacetic acid, 1.17 mg. of amino nitrogen, 96 per eent recov- 
ery. Solution A settled in the bottom of the Van Slyke pipette; 
Solutions B and C did not. Experiments III, a and III, e demon- 
strate quite clearly that trichloroacetic acid may not be used in 
concentrations greater than 6 per cent (2xperiment III, d) in this 
analytical method. 

Experiment IV. Treatment with Infusorial Earth——15 gm. 
samples of frozen rat liver and muscle were suspended in 150 to 
175 ec. of the boiling dilute acetie acid. After heat coagulation 
the suspensions were treated with trichloroacetic acid in a final 
concentration of 3 per cent and diluted with water to 250 ce. To 
50 ee. portions of the respective filtrates, the following quantities 
of infusorial earth were added: 0.0, 0.5, 1.5, 3.0 gm., respectively. 
After 10 to 15 seconds of vigorous shaking, the mixtures were 
filtered. The amino nitrogen values corresponding respectively 
to the above quantities of infusorial earth were as follows: muscle, 
68.1, sample lost, 51.8, 48.4; liver, 45.9, 38.2, 33.8, 33.9. 

We concluded from these results that of the material removed by 
the infusorial earth, some contains amino nitrogen. 2 gm. of the 
adsorbent appear to be sufficient. 

Experiment V. Concentration of the Filtrate-—(a) Of the filtrate 
obtained from rabbit muscle, equal portions were taken and con- 
centrated to about 10 ec. They were then made alkaline in the 
usual manner and boiled for varying times; v7z., 0.0, 0.1, 0.5, 1.0, 2.0, 
4.0 minutes. At the ends of the specified intervals the fluids were 
acidified with acetic acid and the evaporation continued. The 
corresponding amino nitrogen values were 69.1, 60.0, 56.2, 54.9, 
57.0, 57.1. 

This indicates the presence in the filtrates of a readily volatile 
base (probably ammonia). The quantity, judging from the amino 
nitrogen values, is considerable. 
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(b) 2, 4, 6, and 8 gm. samples of rabbit muscle were each treated 
| with 30 to 35 ee. of hot dilute acetic acid. The suspensions were 
boiled for 7 minutes, cooled, and treated with trichloroacetic acid. 
The volumes were made up to 50 ce. and filtered following the 30 
minute interval for precipitation and the addition of infusorial 
earth. The filtrates were concentrated directly to 2 ec., except 
that of the 6 gm. sample which received the 2 minute boiling 
in alkaline solution. The amino nitrogen values expressed in 
mg. per 100 gm. of tissue were: 2 gm. sample, 47.1; 4 gm. sample, 
47.0; 6 gm. sample, 25.2; 8 gm. sample, 44.7. This confirms the 
observation reported in I’xperiment V, a above. 

(c) 40 ce. portions of the filtrates obtained by the routine pro- 
cedure from 15 gm. samples of rat liver and muscle were concen- 
trated to about 10 ce. Two liver and two muscle samples were 
made alkaline for 2 minutes, boiled, reacidified, and concentrated 
to about 2 ce. Two liver and two muscle samples were concen- 
trated directly to 2 ec. without heating in alkaline solution. 


Amino N per 

100 gm. tissue. 
Liver filtrate. mg. 
Not boiled im alkaline solution ............ 56.7 

Muscle filtrate. 

Not boiled im alkaline solution 59.3 


(d) In the case of sixteen rats the ammonia given off during the 
2 minutes boiling in alkaline solution was collected and estimated 
by Nesslerization. 


Ammonia N, mg. per cent. 
No. ofsamples. | 


Average. Minimum. Maximum. 
16 muscle. 12.8 11.9 14.2 
15 liver. 7.2 15.3 18.7 


(e) Owing to the fact that the ammonia values were of the same 
magnitude as accepted values for the urea nitrogen content of 
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tissues, we wondered whether the ammonia arose from total 
hydrolysis of tissue urea. 

To 3 gm. samples of frozen rabbit muscle increasing quantities 
of urea were added. The routine procedure already described 
was then followed. The ammonia given off during concentration 
of the filtrates was collected and estimated. 


! Ammonia N, mg. per 13 gm. 


| Found. Calculated.* 


* Assuming all of the added urea to be hydrolyzed. 


It appears therefore that the ammonia is not formed by the 
destruction of urea in the course of the analysis. 

(f) The ammonia given off may not represent preformed tissue 
ammonia. (1) Ammonia reacts slowly with nitrous acid. The 2 
minute boiling in alkaline solution removes 13 to 17 mg. per cent 
of ammonia N (Experiment V, d) but also causes a decrease in 
the amino nitrogen of 11 to 19 mg. per cent (Experiment V,c). (2) 
Blood, which contains a negligible quantity of ammonia, suffers 
the same decrease in the amino nitrogen value as a result of 2 
minutes boiling of the filtrate in alkaline solution. 

Dog blood was treated according to the routine procedure 
described for muscle and liver. Freezing with liquid air was 
omitted. Of two portions of the filtrate, one was concentrated 
to 2 ec. directly, the other was submitted to the routine treatment 
with sodium hydroxide. The latter gave an amino nitrogen value 
of 8.0 mg. per cent (the accepted order of magnitude for blood 
amino nitrogen); the former gave a value of 16.4. 

Experiment VI. Recovery of Added Amino Acids.—(a) To four 
2 gm. portions of frozen rabbit muscle were added 0.0, 1.0, 2.0, and 
3.0 ec. respectively, of an aqueous solution of dl-alanine (0.254 gm. 
per 100 cc.). The samples were then transferred to boiling tubes 
with the hot dilute acetic acid. The rest of the procedure was 
according to the method described. The following amino nitrogen 
values expressed in mg. per 2 gm. of muscle were obtained: 0.819, 
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1.125, 1.532, 1.848. The corresponding calculated values were: 
0.819, 1.219, 1.619, 2.019. Per cent recovery, 93, 94, 92. 

(b) The above experiment was repeated with a solution of mono- 
amino monocarboxylic acids obtained by butyl alcohol extraction 
of totally hydrolyzed casein (26) (0.405 gm. of monoamino acids 
(0.038 gm. of amino N) per 100 ecc.). Amino nitrogen values 
obtained: 0.673, 1.022, 1.358, 1.7438; calculated, 0.673, 1.059, 
1.442, 1.816; per cent recovery, 96, 94, 96. 

Experiment VII. Amino Nitrogen Content of Rat Liver and 
Muscle-——(a) Five female rats (150 to 180 gm. in weight) were 
fasted for 24 hours. They were then killed by stunning and bleed- 
ing through a thoracic incision. The liver and the thigh muscles 
of one side were rapidly excised and analyzed according to the 
routine procedure. The following amino nitrogen values ex- 
pressed in mg. per 100 gm. of tissue were obtained: liver, sample 
lost, 40.3, 48.2, 36.6, 43.8; muscle, 51.1, 50.5, 57.6, 50.3, 49.3. 

(b) Five female rats (150 to 170 gm. in weight) were similarly 
treated. Infusorial earth was omitted. The higher values which 
follow were obtained: liver, 45.6, sample lost, 47.2, 51.2, 51.9; 
muscle, 59.3, 59.7, 57.5, 61.1, 59.3. 


Part of this work was done in the Biochemical Laboratory of the 
University of Toronto. 
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THE METABOLISM OF AMINO ACIDS. 


By JAMES MURRAY LUCK. 


(From the Department of Chemistry, Stanford University, California. 
(Received for pul. lication, December 29, 1927.) 


It was shown by Seth and Luck (1) that the intestinal absorp- 
tion of glycine and alanine by rabbits was followed by pronounced 
aminoacidemia. Other amino acids when administered in similar 
amounts provoked smaller increases in the amino nitrogen content 
of the blood. Glutamie acid and aspartie acid were absorbed 
with but a slight aminoacidemia. 

The question then arose as to whether these striking differences 
in behavior were due to equally profound differences in the rates 
of absorption from the alimentary canal, in the rates of diffusion 
into liver, muscle, and other tissues, and in the rates of metabolism 
of the amino acids therein. It may be recalled that Pang (2) 
demonstrated marked inequalities in the absorption of various 
amino acids by isolated fragments of liver suspended in solutions 
of these substances. A not unlikely explanation of the results of 
Seth and Luck would seem to be that the glycine-alanine amino- 
acidemia was due to slow diffusion of the substances into liver and 
muscle, or a low rate of oxidation of the metabolites, or both. In 
contrast, the failure of glutamie and aspartie acids to provoke an 
appreciable increase in the amino acid content of the blood might 
be attributed to their rapid absorption therefrom. 

According to such a theory it might be expected that the inges- 
tion of glycine and alanine would cause but a small increase in the 
amino acid content of liver and muscle, or a slow conversion of the 
amino nitrogen to urea. On the other hand glutamic acid might 
be expected to increase more markedly the amino acid content of 
liver and muscle or to lead to more rapid urea formation than is 
observed with glycine and alanine. Finally one may advance the 
view that the differences in the degree of aminoacidemia may be 
due in part to specifie differences in the exeretion of amino acids 
by the kidney. 
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In this paper a report is given of changes in the amino acid con- 
tent of blood, liver, and muscle following the oral administration 
of amino acids. The object of the work was to determine the 
relationship if any which existed between the degree of amino- 
acidemia obtained and the concentration increase of the amino 
acids in liverand muscle. The findings proved to be of a somewhat 
unexpected nature. 


EXPERIMENTAL. 


Male albino rats of 160 to 220 gm. in weight (except in Experi- 
ments 55 and 58) were employed throughout. The actual weights 
of the animals in gm. on the day of experiment were as follows: 
Fxperiment 19, 160, 164, 180, 164; Experiment 21, 188, 206, 188, 
196; Experiment 23, 200, 180, 188, 180; Experiment 25, 198, 220, 
188, 190; Experiment 27, 210 to 220; Experiment 29, 194, 190, 
198, 199; Experiment 31, 210 to 218; Experiment 33, 190 to 210; 
Experiment 35, 200 to 220; Experiment 39, 200 to 220; Experi- 
ment 41, 190 to 210; Experiment 44, 160 to 170; Experiment 48, 
200 to 210; Experiment 50, 180 to 200; Experiment 52, 155 to 160; 
Experiment 55, 120 to 151; Experiment 58, 128 to 147. 

The animals were maintained on a standard diet! and fasted for 
24 hours preceding an experiment. The animals were used in 
groups of four or five. The experimental material was adminis- 
tered by stomach tube (a No. 8 French catheter was used) after 
which the animals were killed at intervals of approximately 0, 
0.8, 2, 4, and 6 hours from the time of administration. The rats 
were killed by stunning, and rapid incision of the thorax. The 
blood which drained away was collected in a crucible containing 
powdered potassium oxalate.2. The liver and 4 to 5 gm. of muscle 


1 Cracked wheat 26, oatmeal 26, corn-meal 26, flaxseed meal 10, dried 
whole milk (Klim) 5, alfalfa (leaves and blossoms) 5, bone meal 15, sodium 
chloride 0.5,—with greenstuffs two or three times per week. 

2 It was found necessary to stun the animal by a sharp blow in the mid- 
cervical region. If the blow were received on the head, profuse bleeding 
took place through the nose. Such blood was rejected in view of the 
possibility that it might have come in contact with the mouth which would 
probably contain drippings from the stomach tube. If the blow were 
received in the thoracic region, intravascular blood clotting was observed 
to proceed with such rapidity that only a drop or two of semiclotted blood 
would drain from the incision. 
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from the hind limbs were promptly excised and frozen by immer- 
sion in liquid air. The amino nitrogen contained in these samples 
was determined by the method described in the preceding paper 
(3). The amino nitrogen content of the blood was determined by 
the method of Folin (4). 

The dicarboxylic acid fraction of hydrolyzed caseinogen, the 
monoamino monocarboxylic acid fraction of hydrolyzed casein- 
ogen, totally hydrolyzed egg albumin, dl-aspartic acid, d-glutamic 
acid, glycine, and dl-alanine, were used. ‘The last four were ob- 
tained from the Eastman Kodak Company. [rom acid-hydrolyzed 
caseinogen the monoamino monocarboxylic acids were obtained 
by the butyl aleohol extraction method of Dakin (5), and the 
dicarboxylic acids by precipitation of the calcium salts (6) from 
the non-extractable portion. The residue represented the hexone 
base fraction. The sulfuric acid-barium hydroxide method was 
employed in hydrolysis of the egg albumin. 

I-ach rat received 3 ec. of an aqueous, neutralized, solution of 
the experimental substance equivalent in concentration to 0.2, 
0.3, or 0.4 gm. of amino nitrogen per kilo. 

It will be seen that by this procedure any questionable secondary 
effects resulting from prolonged anesthesia and the use of surgical 
methods are avoided. The animal is in a normal state throughout 
the experiment. The metabolism of the amino acids proceeds 
normally in every tissue. Within 2 minutes of the killing of the 
animal the samples are frozen and postmortem autolytic changes 
are prevented. 

It is also apparent that the method of group experimentation 
permits one to make a number of successive analyses at suitably 
spaced intervals of time. This cannot be done by the single 
animal method without employing anesthetics and resorting to 
troublesome if not questionable operative means. It is evident 
moreover if smooth continuous curves be obtained by the series 
method when time is plotted against the tissue concentration of 
the metabolite, that each animal serves as a confirmatory check 
against its neighbors in the series. It is almost unnecessary to 
point out that the use of small animals is no mean consideration 
when costly amino acids are to be administered. 
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Amino Acid Content of Blood, Liver, and Muscle—The accom- 
panying curves are self-explanatory. Charts 1 A, 1 B, 1 C repre- 


TABLE I. 


Ammonia Content of Liver and Muscle. 


Ammonia N, mg. per 100 gm. tissue. 


Time after administration. 


Experimental substance. Tissue. 
Ohr. |2-thr.| #2? | £4) | 5-6 hrs. 
Water. Muscle. | 15.0 | 12.5 | 12.1 11.9 
Liver. 18.5 | 18.6 | 15.3 15.9 
Water. Muscle. | 138.7 | 14.2 | 14.1 12.6 
Liver. 17.4 | 16.1 | 17.7 17.2 
Glycine, 0.19 gm. N perkilo. | Muscle. | 13.2 | 13.2 13.4 
Liver. 19.5 | 16.9 | 16.2 17.3 
Glycine, 0.38 gm. N perkilo. | Muscle. | 10.8 | 11.5 | 12.1 
Liver. 14.4 | 14.6 
Dicarboxylic acid fraction, | Muscle. | 12.5 | 14.9 | 13.6 12.9 
0.20 gm. N per kilo. Liver. 18.7 | 21.6 | 22.5 19.7 
Dicarboxylic acid fraction, | Muscle. | 12.9 | 11.6 | 12.6 /| 13.6 
0.40 gm. N per kilo. Liver. 16.3 19.6 
Hexone base fraction, 0.20 | Muscle. | 11.9 | 13.0} 11.1 14.0 
gm. N per kilo. Liver. 14.3 | 17.3 | 17.3 15.7 
Hexone base fraction, 0.80 | Muscle. | 12.6} 14.4 | 14.9 14.2 
gm. N per kilo. Liver. 18.4 | 20.6 | 20.6 22.0 
Monoamino acid fraction, | Muscle. | 12.4 | 13.0 | 13.0 12.6 
0.20 gm. N per kilo. Liver. 16.9 | 16.5 | 17.9 16.0 
Alanine, 0.20 gm. N perkilo. | Muscle. | 12.9 | 13.2 | 14.5 13.3 
Liver. 17.1 | 18.9 | 17.8 14.5 
Alanine, 0.40 gm. N perkilo. | Muscle. 12.8 | 13.5 15.0 
Liver. 17.0 | 16.2 16.9 


sent the results of experiments in which the substances were ad- 
ministered in quantities of 0.20 gm. of amino nitrogen per kilo 
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of rats. In Charts 2 A, 2 B, 2 C the quantities were 0.40 gm. of 
amino nitrogen, and in Charts 3 A, 3 B, 3 C, 0.30 gm. of amino 
nitrogen per kilo. There are, however, the following exceptions: 


Experiment No. gm. perkg. 
23 0.19, amino N 
25 
33 0.80, total “ 
44 0.47, amino “ 


Ammonia Content of Liver and Muscle.—It proved convenient 
in some of the experiments to determine the amounts of ammonia 
evolved during the period of boiling in alkaline solution required 
by this analytical method. The ammonia was collected in dilute 
sulfuric acid and estimated by Nesslerizing. The results are 
presented in Table I. 

The ammonia content of liver and muscle showed no appreciable 
change or but slight increases following the absorption of amino 
acids. The absolute ammonia values were invariably greater in 
liver than in muscle, being 14.3 to 22.5 mg. per cent in liver and 
10.8 to 15.0 mg. per cent in muscle. These values agree approxi- 
mately with those reported by others (7). We are not satisfied, 
however, that the methods employed in this work or in that of any 
others known to the writer, give ammonia values of much signi- 
ficance. It is probable (cf. Gad-Andresen, 1919; Warburg et al., 
1924; Meyerhof, 1925; Grafe, 1925) that the same scrupulous 
care needs to be exercised in such estimations as is known to be 
indispensable in determining the ammonia content of blood. 


DISCUSSION. 


The most striking result of these experiments is to be seen in the 
absence of any appreciable increase in the amino nitrogen content 
of muscle following the oral administration of amino acids. 

To this generalization, glycine alone is exceptional. Following 
the oral administration of this substance the amino nitrogen con- 
tent of muscle increases slowly and uniformly, this increase pro- 
ceeding at an unchanged rate after the maximum increases in the 
blood and liver have been observed (Charts 2 A, 2.B,2C). What- 
ever additional significance these relative rates of change may 
have, certain it is that the accumulation of glycine in muscle 
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»roceeds much more slowly than it does in the liver. This is 
doubtless accountable in part by the method of administration, 
—all of the absorbed amino acids having to pass through the liver 
before entering the systemic circulation. It is not even im- 
probable that the pronounced difference in the behavior of the 
whole group of amino acids in liver and muscle is to be explained 
similarly. We are examining this point experimentally by ad- 
ministering these substances in other ways. 

It is perhaps well to point out that the amino nitrogen increase 
in muscle is not determined by the level of amino acids in blood. 
This follows from the results obtained with alanine which caused 
an equally marked aminoacidemia but no apparent increase in 
muscle amino nitrogen. Nor is there any relationship between the 
amino acid increase in liver and the behavior in muscle. Totally 
hydrolyzed egg albumin increased the amino nitrogen content of 
the liver almost as greatly as did glycine, but resulted in no appre- 
ciable change in the amino acid content of muscle (Charts 2 B, 
2C). The behavior of glycine in muscle is apparently specific for 
that amino acid. It cannot be considered a representative mem- 
ber of the products of protein hydrolysis and the deduction of 
generalizations in protein metabolism from results obtained pri- 
marily if not solely with glycine is to be cautioned against. 

The remarkable differences in behavior of glycine and alanine 
were quite unexpected. In view of their neighborly relationship 
in a homologous series and the similar increases in the amino 
nitrogen content of blood following their oral administration, it 
was considered likely that they would induce the same measure 
of change in liver and muscle. It is to be observed, however, that 
while glycine induced a marked increase in the amino nitrogen 
content of the liver, alanine caused but a slight and transient 
increase. The contrast in their behavior in muscle has already 
been pointed out. It is not likely, moreover, that results materi- 
ally different would have attended the use of d-alanine instead 
of the racemie mixture. For though it might be supposed that 
d-alanine would be metabolized more or less rapidly than /-alanine, 
it is very improbable that any pronounced increase in liver and 
muscle amino nitrogen caused by one isomer would be completely 
nullified by the other. It is to be observed in this connection that 
the naturally occurring isomer of glutamic acid behaved quali- 
tatively in muscle like the racemic alanine (Charts 2 C, 3 C). 
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It will have been noticed that though in muscle none of the 
amino acids except glycine increased the amino nitrogen content 
of that tissue, most of them elevated in some measure the amino 
nitrogen content of the liver. This in itself throws little light on 
the relative dominance of the réles of liver and muscle in protein 
metabolism. As has already been mentioned, the mode of ad- 
ministration of the experimental material almost certainly deter- 
mines in part the muscle-liver picture. It might appear per- 
missible, moreover, to regard muscle as being so efficient in the 
metabolism of absorbed amino acids that it succeeds in main- 
taining its amino nitrogen content at the normal level. This sort 
of explanation is discredited by the vast amount of evidence, much 
of it of great weight, concerning the locus of amino acid catabolism. 
Most of this regards but poorly the urea-forming power of muscle. 
As for the anabolic change, the rapid synthesis of protein from the 
absorbed material, it is difficult to see how this could proceed from 
a single amino acid. Finally, a quite improbable explanation 
would be to regard muscle as being impermeable to all amino acids 
but glycine. One would then be driven to exercise unusual in- 
genuity to account for the formation of the muscle proteins. 

It is somewhat premature to advance an explanation for the 
profound inequalities in the rates of increase of the various amino 
acids in blood and liver. Additional information must first be 
had concerning the excretion of these substances by the kidney, 
their rates of oxidation, and the differences if any in their rates of 
absorption from the alimentary canal. With respect to the last 
mentioned point we have reason to believe that glycine, alanine, 
glutamic acid, and aspartic acid are absorbed at much the same 
rate from an isolated intestinal loop of the dog (1). It will also 
be noticed that all of the amino acid preparations employed in this 
work are readily soluble in water,—a consideration which is perti- 
nent to the question of their absorption. 

A discussion of these experiments cannot be complete without 
reference to the closely related work of others. 

It appears as a first consideration that the amino acid content 
of animal tissues fluctuates normally within rather narrow limits. 
Fasting appears to be without effect, as demonstrated by Van 
Slyke and Meyer (8) on dogs and by Mitchell, Nevens, and 
Kendall (9) on the entire carcasses of rats after fasting for 19 to 
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26 hours. We too have never observed any change in the amino 
acid content of the whole animal or in the muscles and livers of 
rats as a result of fasting 1 or 2 days. Buglia and Costantino 
(10) in a few experiments on dogs observed slightly higher values 
for the non-urea, non-protein nitrogen of muscle after fasting 
periods of 12 to 25 days. It does not necessarily follow, however, 
that the amino acids were similarly increased in quantity. The 
analytical method employed by these investigators (desiccation 
of the samples at 70—80° and formol titration of the extract) is also 
open to criticism. 

Neither do high nor low protein diets appear to alter very 
markedly the concentration of amino acids in tissues. Mitchell, 
Nevens, and Kendall report experiments of 11 to 48 days duration 
in which rats were maintained on nitrogen-free diets without 


TABLE II. 
Amino Nitrogen Content of a Foreign Group of Rats. 


Amino N, mg. per 100 gm. tissue. 
Rat No. 
Muscle. Liver. 
1 78.9 70.9 
2 76.0 66.5 
3 72.6 68.7 


change in the amino acid content of the animals. Kiech (unpub- 
lished data) in this laboratory has observed that high and low 
protein diets administered to rats for 2 day periods are productive 
of small but certain differences. ‘Thus twenty-six rats which had 
been on a starch-butter diet for 2 days contained an average of 
47.4 mg. of amino nitrogen per 100 gm. of tissue. All values fell 
between 40.2 and 51.8. Similarly nine rats on a high protein 
diet (87 per cent caseinogen) for 2 days gave corresponding values 
of 50.6 (47.1 to 53.5). 

There is, however, an indication as shown in Table II that some 
factors presumably of dietary origin may influence profoundly 
the amino acid content of liver and muscle. The group of rats 
reported in Table II was of the same age, size, and sex as the 
animals used in all the other experiments. They had been fasted 
for 24 hours before analysis. They came from another colony and 
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were related as second or third cousins to one section of our own 
stock. They had, however, been maintained since weaning on a 
very different and much more varied basal diet. This group, the 
only foreign one examined, has been the only one to give abnormal 
basal values. Mitchell (7) has also reported on adult rats which 
gave, so it seems to us, unusually high amino acid values. 

The amino acid content of muscle is increased following hepa- 
tectomy (11). 

Apart from changes induced by the ingestion of proteins or 
their products of hydrolysis, the amino acid content of blood is 
maintained at quite a constant level. In acute yellow atrophy of 
the liver (12), myelogenous leucemia (13-15), possibly in pernicious 
anemia (16), in polycythemia (17), and in hydrazine poisoning 
(18), the amino acid content of the blood is greater than normal. 
It is also probable that in disturbances of carbohydrate metabolism 
of pancreatic origin (18, 19), the amino acid content of the blood 
is altered. 

Finally reference may be made to other experiments on the 
effect of protein or amino acid administration on the amino acid 
content of muscle and liver. The feeding of large quantities of 
meat to dogs was found by Wishart (20) to be without influence 
on the non-urea, non-protein nitrogen of the muscle. ‘This agrees 
with our own observations on the fate of ingested amino acids. 
In the well known experiments of Van Slyke and Meyer (21), 
alanine and hydrolyzed caseinogen were injected intravenously 
in dogs. Catheart (22) administered glycine to dogs by the same 
means. Although the results of these experiments are in agree- 
ment with our own in so far as they indicate changes of greater 
magnitude and rapidity in the amino acid content of liver than in 
muscle, they differ with respect to the absolute increases observed. 
This is, however, to be expected in view of the different mode of 
administration of the experimental materials, and the important 
differences in subsequent treatment of the animal and analysis 
of the tissue samples. 

The interesting experiments of Lombroso, Artom, Paterni, and 
Luchetti (23) on the entrance of amino acids into the perfused 
liver, muscle, and kidney are hard to interpret because of the con- 
flicting results obtained with defibrinated blood and Ringer’s solu- 
tion respectively. 
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I-xperiments similar in method are now in progress to study the 
entrance of the amino acids into liver and muscle after subcutane- 
ous injection, and to determine the differences, if any, in their 
rates of oxidation, zn vivo. 


Part of this work was done in the Biochemical Laboratory of the 
University of Toronto. 


SUMMARY. 


1. When amino aci’s are administered to rats, per os, and in 
equimolecular amounts, increases of varying magnitude are ob- 
served in the amino acid content of liver, but no appreciable 
change, except with glycine, is observed in the amino acid content 
of muscle. 

2. Although glycine and alanine increased in the same measure 
the amino acid content of the systemic blood, the former provoked 
a great increase in the amino nitrogen content of liver. while the 
latter caused no significant change. 

3. In most cases no appreciable changes were observed in the 
ammonia content of liver and muscle. 
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GROWTH ON A SYNTHETIC RATION CONTAINING 
SMALL AMOUNTS OF SODIUM.* 


By J. L. St. JOHN. 


(From the Division of Chemistry, Agricultural Experiment Station, State 
College of Washington, Pullman.) 


(Received for publication, November 28, 1927.) 


The effect of individual inorganic elements in the diet has re- 
ceived increasing attention during the last few years. This is 
true of sodium and potassium, to which very little attention has 
been given since the work of Bunge (1873). Osborne and Mendel 
(1918), using a purified diet, concluded that rats could be success- 
fully raised on a diet containing less than 0.04 per cent of sodium 
or potassium although when both were at this low level growth 
ceased. Their diet was very high in fat, containing 25 per cent. 
Their paper does not indicate that their animals were excluded 
from the feces. Also, the particular element being studied was 
not the only variable in the ration since when one element was 
eliminated from the diet, it was replaced by an equivalent amount 
of others in order to adjust the acid-base balance. Lamb and 
Evvard (1921) make this statement: “If the other elements in a 
natural ration are satisfactory, it is not necessary to balance the 
acid and basic mineral elements for growing swine.” 

Miller (1923) seems to have obtained satisfactory growth on a 
synthetic ration, including cod liver oil, containing 0.07 per cent 
of sodium. His animals were kept on screens. A ration with a 
K to Na ratio of 14:1 is said to have had no deleterious effect on 
the growth of young rats. Miller (1926) used a ration which 
included 80 per cent of corn and contained 0.03 per cent of sodium. 
This did not promote normal growth. With sufficient sodium 
carbonate or sulfate to make 0.42 per cent sodium in the diet 


* Published with the approval of the Director of the Washington Agri- 
cultural Experiment Station as Scientific Paper No. 144, College of Agri- 
culture and Experiment Station, State College of Washington, Pullman. 
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satisfactory growth was obtained. Mitchell and Carman (1926) 
fed a ration containing 87 per cent corn, including 0.047 per 
cent sodium, which gave some growth. However, with sodium 
chloride added to the extent of 1 per cent, much better growth was 
secured. Their rats were kept in wire cages without bedding. 
They suggest that the addition of more sodium might have given 
Osborne and Mendel much better growth. 

Palmerand Kennedy (1927), using a ration containing highly pur- 
ified casein, Salt Mixture 185,!agar, butter fat, Crisco,and dextrin, 
and keeping the rats on screens, failed to get growth. It will be 
noted that the ration contained 15 per cent fat. Sodium was 
present to the extent of about 0.126 per cent. Richards, Godden, 
and Husband (1924) fed a ration of corn, oat, barley, and blood 
meals to growing pigs. The addition of sodium chloride or citrate 
led to increased assimilation and retention of nitrogen, calcium, 
and phosphorus. ‘The ratios of potassium to sodium were 1.62:1 
and 1.53:1 during the periods of increased retention. Potassium 
excretion was affected very little. They feel that their data do 
not support Bunge’s theory and that Miller’s data (1923, 1926) 
support their conclusions rather than Bunge’s. These authors 
(1927) review other work on sodium and potassium. 

Following the work carried out by Olson and St. John (1925) 
in 1920 to 1922 on a wheat ration, astudy was made of the amount 
of sodium required in a synthetic ration. The experimental work 
on these rations was completed in March, 1925. The diet was 
modified from the one used by Osborne and Mendel (1918) and 
contained casein 18, yeast 3, agar 2, lard 5, cod liver oil 1,? starch 
67, and salt mixture 4. Sodium carbonate was eliminated from 
the salt mixture. Calcium, magnesium, and potassium carbonates 
and citric acid were added in powder form. The rest of the salts 
and the acids were added in solution. To this basic ration sodium 
bicarbonate was added in varying amounts to furnish rations con- 
taining the desired per cent of sodium. All rations were thus 
constant in composition with the exception of the quantity of 
sodium bicarbonate used. It is hoped that higher percentages 


1McCollum, E. V., and Simmonds, N., J. Biol. Chem., 1918, xxxiii, 63. 

?¥reshly procured Eli Lilly and Company highest quality pure Nor- 
wegian cod liver oil, biologically tested and containing not less than 600 
units of vitamin A in each fluid ounce. 


| 

| 

| 


J. L. St. John 29 


of sodium may be used later. The rats were kept on screens 
without bedding. 

Figs. 1 and 2 show the growth curves of rats fed upon rations 
containing amounts of sodium varying from 0.02 to 0.5 per cent. 


28 


0.22 percent Na 
70 ®. 
is 010 percent Na 
JN I~. 
70 
Stock Ration 
0,06 percent Na 
Ration 


0.02 per cent Na 


30 
Fic. 1. At the points indicated by the figure 1, the stock ration was added. 


In no case was successful growth obtained with rations containing 
0.30 per cent or less of sodium. The animals grew rapidly for a 
few weeks and then declined in weight, many of them dying in 
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10 to 12 weeks. It will be noted that the peak of the growth 
curve occurs at 4 to 8 weeks with the rations containing 0.22 per 
cent or less of sodium, while with the ration containing 0.30 per 
cent of sodium, the peak of the curves occurs at 10 to 14 weeks. 
This peak is also higher than with the rations containing smaller 


amounts of sodium. 


210 28 


days 


170 


130 


0.49 per cent Na 


110 


0.3 per ceny Na 


Tia. 2. 


The difference in the appearance of the animals was more 
striking than the differences in the growth curves. Fig. 3 
shows animals receiving 0.22 and 0.30 per cent sodium respec- 
tively. The rats receiving the larger amount of sodium were 
in much better condition. The eyes of many of the animals 
receiving the smaller amounts of sodium were seriously affected, 
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and blindness resulted in many cases. ‘The eves of the animals 
receiving larger amounts of sodium were not affected. There was 
no reproduction on any of the rations used. This was perhaps 
influenced by lack of vitamin E. Poor growth was not due to 
lack of vitamins A, B, or D since several additional rations with 
double the amounts of yeast and cod liver oil gave the same results 
as the original rations with the corresponding amounts of sodium. 
Substitution of the stock ration for the experimental ration in- 
variably caused immediate and rapid growth and improvement 
of condition, as illustrated in Fig. 1 with two animals. 

There are perhaps several reasons why Osborne and Mendel 
(1918) obtained fairly satisfactory growth on a ration containing 


Fia. 3. 


less than 0.04 per cent sodium. Their animals were apparently 
not prevented from practicing coprophagy. The fat content of 
their diet was far above the amount normally contained in natural 
foods. This may have affected their results and also those of 
Palmer and Ixennedy (1927). The ratio of potassium to sodium 
in Osborne and Mendel’s control diet was 4.5:1, while in their 
sodium-free diet it was 23.8:1, and in Palmer and Kennedy's diet 
the ratio was 3.4:1. Richards, Godden, and Husband (1927) 
obtained increased retention of nitrogen, calcium, and phosphorus 
when the above ratio was 1.62:1 and 1.53:1. Olson and St. John 
(1925) obtain the best results considering both growth and repro- 
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duction when this ratio was 0.6:1 while with a ratio of 1.4:1 the 
results were not satisfactory. This ration contained 0.32 per cent 
potassium. In view of the results of these and other investigators, 
it will be seen that the best results may in general be expected 
when the ratio of potassium to sodium is low. However, if we 
consider the actual amount of these two elements in the various 
rations used, it appears that the level of sodium in the diet is at 
least as important as this ratio. 

Amounts of sodium below 0.3 per cent proved inadequate for 
growth. With this amount of sodium growth was improved and 
the animals appeared in much better condition. Additional 
sodium was accompanied by improved growth. 
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INSECTS AS TEST ANIMALS IN VITAMIN RESEARCH. 


I. VITAMIN REQUIREMENTS OF THE FLOUR BEETLE, 
TRIBOLIUM CONFUSUM DUVAL.* 


By MARION DEYOE SWEETMAN anv LEROY S. PALMER. 


(From the Division of Agricultural Biochemistry, University of Minnesota, 
St. Paul.) 


(Received for publication, January 12, 1928.) 


Our increasing understanding of the complexity of food constit- 
uents and the nutritional requirements of higher animals might 
be considerably accelerated if the science had a more complete 
evolutionary foundation. If, as Bayliss (1) maintains, increasing 
complexity of organisms in the course of evolution is associated 
with lessened ability to synthesize the compounds of which they 
consist, lower animals should be expected to have the simpler and 
hence more easily understood food needs. Actual knowledge does 
not permit application of this generalization to the succession of 
forms in the animal kingdom at this time but the recent work of 
Wulzen (2) on the nutrition of planarian worms is, no doubt, a 
forerunner of future ventures into this field. 

It is the purpose to present in this paper certain results from a 
more extended study of the nutritional requirements of the con- 
fused flour beetle, Tribolium confusum Duval, which seem to prove 
the value of a phylogenetic view-point in the science of nutrition 
and the usefulness of this species as an experimental animal in 
biological analysis. The general plan of the experiments has been 
a study of the effects on growth of modification of food materials 


* Published with the approval of the Director, as Paper No. 750, Journal 
Series, Minnesota Agricultural Experiment Station. The data here pre- 
sented are from the thesis of Marion Devoe Sweetman submitted to the 
faculty of the University of Minnesota in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. This study was suggested 
by Dr. R. N. Chapman of the Division of Entomology and Economic 
Zoology at the University of Minnesota. 


33 


| 


34 Insect Vitamin Requirements. I 


by extraction and of rations consisting of purified foodstuffs, 
with several series and to apply this knowledge in quantitative 
and qualitative analyses of growth-promoting content. 


REVIEW OF LITERATURE. 


A few investigators have attempted to determine the nutritional re- 
quirements of certain insects, desiring to understand their environments 
more completely when they were used in other types of experiments, genetic 
and economic control especially, and in some cases appreciating possible 
value as subjects in general nutritional studies. The small amount of food 
required, short life eyecles, and simple laboratory requirements for rearing 
have been attractive characteristics. 

Of insects thus studied, the fruit flv, Drosophila melanogaster, has 
received most attention. This species normally lives upon decaying fruit 
but Deleourt and Guyenot (5) have reported a method of securing aseptic 
colonies reared upon potato and dead bakers’ yeast while the potato alone 
produced few, stunted, and sterile adults. Guyenot (4) further found that 
they could reproduce upon veast alone and a synthetic diet containing veast 
or its aleoholic extract and suggested the similarity of the essential fraction 
of veast to Funk’s ‘‘vitamine.’’ Loelb and Northrop (5) and Northrop (6) 
verified these findings regarding the value of yeast and its extract in diets 
for this insect. DLaumberger (7) in an extensive study thought the essential 
portion of yeast was its nucleoprotein but the growth-promoting substance 
may have been present in his preparation. Glaser (8) thinks that fresh, 
uncontaminated, orange or grapefruit juice contains an essential substance 
destroyed by his method of sterilization. Most recently Bacot and Harden 
(9) using a purified basal diet consisting of caseinogen, starch, salts, and 
cane sugar, all extracted with alcohol, reared aseptic cultures of the flies 
when yeast or the alcoholic extract of wheat germ was added with butter 
fat and with or without fresh lemon juice. They were not certain whether 
the butter fat was necessary or not. 

Other insects living upon decaying material whose nutritional require- 
ments have been investigated are the blow flies studied by Bogdanow (10) 
and Wollman (11) with experiments inadequately planned for conclusive 
results. 

Another type of insect, that infesting cereals and their products, from 
the nature of its food habits offers even greater possibilities for such experi- 
mental use. Tenebrio molitor was studied by Portier (12) who reared its 
larve as rapidly on a sterilized as on an unsterilized medium, thus demon- 
strating that the prese~°c of microorganisms was unessential, and Passarini 
(13) who found a favorable influence of the pericarp of cereals. Chapman 
(14) has conducted extensive research with the confused flour beetle, 
Tribolium confusum, in which he used purified diets consisting of corn- 
starch, various proteins, salts, and wheat germ or the vitamin B-containing 
fraction. He concluded that the wheat germ itself Was a more satisfactory 
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supplement to his purified basal rations than the vitamin B portion ‘an 
alcoholie extract on dextrin) but none of his basal rations contained fat. 
Evidence will be pointed out in this paper that fat considerably accelerates 
growth on an otherwise adequate diet. Furthermore, the single purified 
proteins used were often incomplete, hence the embryo may have helped 
cover an amino acid deficiency. Such considerations mean that the vitamin 
B content of the embryo was not demonstrated to be unessential and further 
evidence to this effect was afforded by the fact that only rarely did an adult 
emerge on a purified ration lacking the embryo or its extract as sources of 
this vitamin. 

Richardson (15) studied the efiect of the extraction of whole wheat with 
various solvents on the growth of Hphestia kuehniella. Since the removal 
of ether-soluble material retarded or prevented development and the addi- 
tion of egg yolk extract or the return of the extracted portion permitted it, 
but olive oil and lard did not, he concluded that a vitamin A deficiency was 
indicated. It is possible that wheat contains a small amount of this 
vitamin as Steenbock and Coward (16) have pointed out, but the negative 
effects reported for butter are not adequately explained. One cannot 
accept Richardson’s negative results in the face of his admission that they 
were sometimes different when he used purified solvents. He derives a 
conclusion that vitamin B is necessary because alcoholic extraction hinders 
development but he reports no extraction drastic enough to prevent all 
transformations, nor does he say whether the moisture content of these 
extracted materials was adjusted or not; it is known that this insect is sen- 
sitive to this factor. 

In general, it may be concluded that the work of Guyenot, Northrop, 
and Bacot and Harden seems to show that Drosophila requires vitamin B 
but there is no conclusive evidence that vitamin A is essential. The 
investigations of Chapman and Richardson indicate a need for vitamin B 
on the part of the two cereal-infesting insects studied but the conclusion 
cannot be unmistakably derived from the experiments as planned and 
reasons for doubting the conclusion of the latter, that vitamin A is neces- 
sary, have been stated. 


EXPERIMENTAL. 


Tribolium confusum is a very cosmopolitan member of the 
coleopterous family Tenebrionidze. Adults and larve are common 


1 The writer carried on some experiments with Ephestia to parallel those 
here reported for Tribolium but results with the former were not so complete 
because of decimation of many cultures by disease. However, adult moths 
have been produced on the wheat embryo extracicu with ether as later 
described in this paper and supplemented with Crisco, a fat lacking vitamin 
A. Furthermore, the ether-alcohol-extracted embryo of the same series 
produced a 50 per cent yield of moths in one culture of twenty when sup- 
plemented by the alcoholic extract and Crisco. 
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pests of cereals and allied products. Ata constant temperature 
of 28° and relative humidity of 70 per cent the egg stage lasts about 
6 days, the larval period on whole wheat about 21 days, and the 
pupal period 7 days. These stages can be shortened by raising 
the temperature and in some of these experiments this was done. 
The larval period is the period of growth and the adequacy of a 
ration can be measured by the number of days required from 
hatching to pupation when other conditions are constant. The 
full grown larve are about } inch long. 

Technique of Handling Tribolium.—A large number of adults 
are transferred to patent flour that has been sifted with fine bolting 
cloth (No. 5 XX silk) to remove particles which would otherwise 
appear with the eggs. The container is kept in a warm place (room 
temperature or incubator up to 31°) for a day or two and then the 
beetles can be removed with a coarse sieve. Resifting with the 
bolting cloth removes the eggs which are readily recognizable as 
tiny pellets, being covered with a coating of flour which adheres 
to them upon laying. ‘These are placed in an incubator and upon 
the day of hatching are transferred by means of a camel’s-hair 
brush to the vials containing the experimental rations. 24 x 90 
mm. homeopathic vials containing approximately 5 gm. of food 
are adequate for at least twenty larve. These containers are 
plugged with absorbent cotton and retained in an incubator until 
pupation occurs. Duplicate vials are prepared for each test. 

In the present experiments we used in some cases a Carrier 
cabinet maintaining a relative humidity of 70 per cent by the 
spray process; in others a constant temperature incubator in which 
the bottom was covered with a pan of saturated NaCl solution 
which maintains a relative humidity of about 75 per cent was 
found to be satisfactory. This difference in relative humidity did 
not seem to be significant. Constant temperature facilitates 
comparison of results run at different times or differing in the 
length of time required until pupation. As the time for pupation 
approached the cultures were examined daily by emptying the 
contents of the vial onto a sheet of paper. Transformations could 
thus be easily observed, recorded, and pup# removed. ‘The 
remaining larve were poured with the food back into the vial. 

The moisture content of all of the rations was made up to 
approximately 10 per cent but this is unnecessary if the foodstuffs 
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are held at the above relative humidity for 2 or 3 weeks before 
larve are added since an equilibrium takes place which gives an 
adequate moisture content. 


Analysis of Nutritional Requirements of Triboliwm. 


Experiment 1. Effect of Ether and Alcohol Extraction of Wheat 
Embryo upon Growth.—Commercial wheat embryo was found to be 
an optimum food for this insect and hence was made the basis of a 


TABLE I. 


Growth of Tribolium on Commercial Wheat Germ and after Extraction with 
Alcohol and Ether. | 


Temperature, 28°; relative humidity, 70 per cent; twenty larve per vial. 


Ration content. | 
Mean. 
per cent 

1A | Commercial wheat embryo. 21.2 + 0.094 | 2.94 20 
20.8 + 0.108 | 3.22 19 

25 A | Embryo extracted 3 wks. Of 
with alcohol and ether. 0 

0 

28 A | Ration 25 A + aleoholic 30.6 + 0.384 8.10 19 
extract = 10 per cent 28.9 + 0.305 | 6.59 20 

embryo. 

10 | 23.0 + 0.146 | 4.05 20 
90 | 26.0 + 0.298 | 7.45 20 
10 25.3 + 0.238 | 6.22 20 


* Coefficient of variability. 
+ The same results when repeated. 


series of experiments to determine as definitely as possible the 
essential constituents for growth. ‘The embryo as purchased was 
extracted with ether 48 hours, then with cold 90 per cent alcohol, 
followed by the same hot to a total extraction period of 3 weeks, 
all in a Lloyd continuous extractor. In making up the experi- 
mental rations fat was returned to the amount of 10 per cent, 
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slightly less than the ether extract obtained. The alcoholic extract 
was evaporated onto dextrin and used as an aliquot of the original. 
Butter fat was prepared for this work by rendering and filtering to 
remove the curd and water. Results are given in Table I. 

Since all fat and fat-soluble substances must have been removed 
from the embryo by this extended extraction it is evident that 
neither fat nor fat-soluble vitamins are absolutely limiting growth 


TABLE II. 
Growth of Tribolium on Ration of Purified Constituents with and without 
Vitamins A and B. 
Temperature, 28°; relative humidity, 70 per cent; twenty larve per vial. 


Rat ion | iets | Days in larval period. No. of 
Mean. C.V.* 
per cent 
Osborne-Mendel salts... .. 4 0 
23 28 
Osborne-Mendel salts... .. 4 
0 
3B | 2B with Crisco in place of 0 
butter fat. 0 
Osborne-Mendel salts..... 4 
Aleoholie extract = germ 
28.4 + 0.340 | 7.75 19 
EE vam 100 | 29.1 + 0.340 | 7.56 19 
6B 5 Bwith 10 per cent butter 26.4 + 0.408 | 10.00 19 
fat in place of dextrin.. 10 | 26.8 + 0.438 | 10.34 18 
7B 5 B with 10 per cent Crisco 25.5 + 0.349 | 8.59 18 
in place of dextrin...... 10 | 26.1 + 0.258 | 5.90 19 


* Coefficient of variability. 


factors. On the other hand, the fact that a return of a 10 per cent 
equivalent of the alcoholic fraction permits pupation indicates a 
need for vitamin B. The retardation noted on comparison of 
this ration (No. 28 A) with the contro] was almost overcome by 
the addition of a fat, the presence of vitamin A seeming to be in- 
significant. 
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Experiment 2. Grouth on Ration of Purified Constituents with 
and without Vitamins A and B.—Since commercial wheat embryo 
was taken as the control ration for the above experiment a puri- 
fied foods series was planned with a basal ration approximating the 
embryo in composition to study the effect of the presence or ab- 
sence of the two vitamins, A and B. This basal ration contained 
casein 28, Osborne-Mendel (17) salts 4, fat 10, and dextrin to 100. 

Dextrin was prepared from commercial corn-starch by moisten- 
ing with 0.2 per cent citric acid and autoclaving 5 hours at 15 to 
20 pounds pressure. ‘The dried product was ground and extracted 
with cold 90 per cent alcohol 24 hours, the same hot 48 hours, and 
ether 36 hours, all in a Lloyd continuous extractor. Casein was 
prepared as described by Palmer and Kennedy (18). 

When yeast is mentioned, reference is to the pure, dried, product 
of the Northwestern Yeast Company. A summary of the results 
on this series of rations is given in Table II. | 

The similarity (compare Tables I and II) between the pairs, 
Rations 28 A and 5 B, Rations 29 A and 6 B, and Rations 30 A and 
7 B, is so remarkably exact that the same observations apply. 
Thus it is seen that a purified diet can be prepared for this insect, 
which gives practically the same growth rate as the equivalent 
rations prepared from extracted wheat embryo. In the data here 
presented the growth rate in neither case quite attained that on 
the untreated embryo. 


Applications in Vitamin B Studies. 


Experiment 3. (Quantitative Studies of the Effect of Additions of 
Sources of Vitamin B to a Purified Basal Ration.—Since these in- 
sects seemed to be sensitive to the presence or absence of vitamin 
B in their food materials an attempt was made to determine 
whether their growth rate might not be a means of measuring that 
constituent. The basal ration consisted of casein 28, Osborne- 
Mendel salts 4, ether extract of wheat germ 3, and dextrin to 100. 
This percentage of fat was used because of evidence that certain 
irregular results might be due to a slight excess or failure to in- 
corporate it into the mixture so that there was no greasiness. 
3 per cent of fat is approximately the proportion found in whole 
wheat, another optimum food material. The proportions of 
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sources of vitamin B are plotted against days in the larval period 
in Fig. 1. 

It is evident from the curves that result that this insect responds 
in a quantitative fashion to amounts of growth-promoting sub- 


stance over a certain range of proportions. Response was some- 


Per cent of 
addition to 
basal ration. 


ABC D 
TT 
| | 
| 
| 
| | 
| | 
10+ @ e ? 
\ 
5.0b 
3.54 
20-4 


Days in larval period. 


Fic. 1. Growth of Tribolium when a source of vitamin B is added to a 
purified basal ration in varying proportions. Addition to basal ration: 
A, wheat embryo; B, alcoholic extract equivalent to wheat embryo; C€, 
yeast; D), alcoholic extract equivalent to yeast. Basal ration: casein 28, 
Osborne-Mendel salts 4, ether extract of wheat embryo 3, dextrin 65, 


what irregular at the lower levels but this may be partially due to 
weaknesses in the technique of preparation of the rations. It is 
probably difficult to secure a uniform distribution of a 1 per cent 
fraction of such a mixture with a mortar and pestle. All of the 
ingredients for this series were sifted through fine bolting cloth 
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before mixing and for such refined work no doubt this should have 
been repeated after combination. Sherman and Spohn (19) say 
that by feeding their basa] diets ‘‘to experimental animals of 
suitable age and size and sufficiently matched as to nutritional 
history and litter controls, it is believed to be possible, when deal- 
ing with averages of ten or more rats on each diet, to detect a 
diminution certainly of 25 per cent and probably of 15 per cent in 
the vitamin B content of the food tested.”’ In each case there is a 
definite decrease in growth rate of the insects when the source of 
vitamin B is diminished from 2 to 0.5 per cent of the ration and on 
some curves more sensitivity 1s indicated by the variation over a 
wider range. It is also to be noted that Tribolium is remarkably 
sensitive to very small amounts of vitamin B, as little as 0.5 per 
cent of a source being sufficient to produce some pupe. 

Another condition lessening exactness is the greater scatter of 
the individual cases, resulting in a high probable error of the 
mean at the low levels, a state found on all rations which are far 
from optimum. In this connection, it 1s interesting to find that 
Sherman and Spohn (19) report for rats that ‘“‘the coefficient of 
variation is greatest for the diet containing (of those compared) 
the smallest amount of vitamin and becomes less as the vitamin 
intake approaches the optimum.” Individual variations were 
larger on diets permitting only subnormal growth and as these 
were brought nearer optimum the rate of growth became both 
more rapid and more uniform. 

But an even more outstanding result of this series was the 
rather unexpected qualitative differences indicated among the 
four sources of vitamin B which showed no tendency to diminish 
at high levels of feeding.? These differences correlate with the 
previous failures to secure quite optimum growth on a purified 
raticn supplemented either with yeast or the alcoholic extract of 
wheat embryo. Wheat embryo seems to contain some growth- 
promoting substance absent from its alcoholic extract or yeast. 
This phase of the problem is being investigated further for its 
relationship to the question of the multiplicity of factors involved 
in the vitamin B complex. J vidence on this point has been con- 


* The extract of veast was prepared by Dr. Correlia Kennedy by ex- 
traction in a Soxhlet extractor with 85 per cent alcohol until the extract 
came through colorless. 


Ss 
t 
e 


42 Insect Vitamin Requirements. I 


stantly accumulating and has been most recently summarized by 
Sherman and Axtmayer (20). 

Experiment 4. Use of Tribolium in Following the Chemical 
Purification of Vitamin B.—This experiment had a twofold pur- 
pose, an attempt to identify more closely the growth-promoting 


TABLE IIL. 
Purification of Vitamin B Fraction of Brewers’ Yeast According to Methods of 
Osborne and Wakeman, and of Levene and van der Hoeven and 
the Growth-Promoting Power of Product and 
Residue at Various Stages. 
Temperature, 31-32°; relative humidity, 75 per cent; twenty larve per 
vial. 


Addition to basal ration. 
Mean. C.V.* 
per cent 
14 B | Dried brewers’ yeast..... 10 16.3 + 0.865 | 3.52 20 
16.3 + 0.708 | 2.87 20 
1B 1 16.9 + 0.081 | 3.18 20 
16.8 + 0.077 | 2.83 20 
16 B | Osborne-Wakeman §frac- 
tion on dextrin (roughly 
equal to 30 per cent 30.1 + 0.294 5.78 16 
dried brewers’ yeast)... 10 31.8 + 0.591 | 12.42 16 
17 B " 1 30.4 + 0.421 | 7.41 13 
32.2 + 0.729 | 12.53 14 
18 B | Product of the first release 
at pH 3 dried on dex- 34.5 + 0.512 | 9.03 17 
34.1 + 0.684 | 11.90 16 
19 B 7 _ 1 32.5 + 0.729 | 12.85 15 
34.6 + 0.493 | 8.97 18 
20 B | Final Levene-van_ der 32.0 + 1.37 | 16.85 7 
Hoeven product.f...... 2 31.2 + 1.37 | 14.52 ) 
21 8B 1 32.8 + 0.762 | 11.05 10 
31.2 + 0.644 9.22 
2B 0.1 | 37.0 + 1.32 | 14.89 8 
| | 39.3 + 1.22 | 14.55 10 
23 B Filtrate after adsorption | 
dried on 10 gm. dextrin 
‘see note to Ration 18 30.0 + 0.561 | 10.36 14 
24 1 30.8 + 0.758 14.00 15 
| 30.3 + 0.543 11.24] 18 
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TABLE II—Concluded. 


— | Addition to basal ration. ee | art 
| | Mean. | C.V.* | 
| per cent | 
25 B | Final acetone filtrate | | | 
| dried on 10 gm. dextrin | | | 
‘see note to Ration 20 | | | 2§ 


* Coefficient of variability. 

+ The Osborne-Wakeman fraction from approximately 170 gm. of dried 
brewers’ yeast was deaminized by NO, and the solution subjected to 
adsorption’ with silica gel at pH 5. A first release was made at pH 3 and 
this solution dried on 10 gm. of dextrin. This portion was thus kept 
separate from later releases to insure greater purity from material carried 


down mechanically. 

¢t The product of a second release when the silica gel adsorption combina- 
tion was returned to pH 3 after neutralization plus that obtained at pH 
9.5 was concentrated and precipitated by dry acetone. 

§ Cultures discontinued on 68th day with some larve remaining which 


might have pupated. 


substance found in alcoholic extracts by preparing one of the most 
purified forms of vitamin B reported in the literature, and an ex- 
amination of the usefulness of Trzbolium in following results at each 
stage in a chemical procedure. 

The recent method of Levene and van der Hoeven (21) was 
followed. This is based upon the discovery that the vitamin B 
fraction of yeast can be precipitated from water and dilute alcohol 
solutions by bringing the alcoholic content to about 79 per cent 
(Osborne and Wakeman (22)) and that further concentration can 
be secured by adsorption on silica gel at pH 5 and release by in- 
creasing acidity to pH 3 or alkalinity to pH 9.5. In these experi- 
ments a basal ration was used that consisted of casein 28, Osborne- 
Mendel salts 4, Crisco 3, and dextrin 65. To this were added 
definite amounts of the concentrated material as it occurred at 
different stages in the process. The residue as well was tested. 
The cultures were reared in an incubator with little variation from 
31° in temperature and 75 per cent relative humidity. These 
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conditions produced pupation in the control wheat germ in 14 to 
15 days, a much accelerated rate over that at 28°. Results are 
summarized in Table III. 

Further evidence is offered by this work that water or alcoholic 
extracts of yeast are never equal in growth-promoting power to 
the yeast itself. The time for pupation is doubled and the yield 
reduced. The presence of the necessary substance in every frac- 
tion as this process was developed indicates the source of at least 
some of the losses reported by Levene and van der Hoeven. It 
is to be noted that these insects are very well adapted to testing 
such a chemical purification process because they can detect so 


TABLE IV. 
Growth of Tribolium on Different Fractions of Wheat Kernel 
(Triticum vulgare). 
Temperature, 28°; relative humidity, 70 per cent; twenty larve per vial. 
( 


Days in larval period. 


| Ration content. 
Mean. C.V.* 
1C Ground whole kernel. 21.7 + 0.252 7.49 20 


2C Wheat embryo removed by hand. 21.2 + 0.119 | 3.76 20 
3C Half of kernel near embryo end, 


embryo removed. 21.7 + 0.084} 2.57 20 

4C Remainder of kernel. 25.4 + 0.188 | 4.79 19 
5C Patent flour. 27.3 + 0.455 | 10.10 17 
28.3 + 0.595 | 13.94 20 


* Coefficient of variability. 


noticeably and quickly such small amounts of the growth-pro- 
moting material. ‘lhe fact that the final acetone filtrate was 
apparently much less abundantly supplied with the vitamin indi- 
cates that it is a good precipitant for that factor. 

0.1 per cent, 1 part in 1000, of the final product did produce 
pupe but the extent of the concentration cannot be judged because 
the supplementary power of the yeast itself in such a small propor- 
tion was not tested. When the experiments were planned it was 
expected that the 1 per cent level would be limiting but it was not 
(see Ration 15 B). 

Experiment 5. Adequacy of Portions of Fractionated Cereals for 
Grouth of Tribolium.—One phase of the nutrition of this cereal- 
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infesting insect which it was thought might throw some more light 
upon the requirements of the insect itself as well as furnish data for 
comparison with what is known of the adequacy of these food 


TABLE V. 
Growth of Tribolium on Different Fractions of Corn Kernel (Zea mays). 
Temperature, 30°; relative humidity, 75 per cent; twenty larve per 
vial. 


| Days in larval period. 
| Ration content. 
| Mean. | 


6C | Whole vellow corn (Minnesota 29.7 + 0.691 15.45 20 


13). | | 
7C | Whole white corn (Silver 24.6 +4 0.336 8.54 18 
King). | 
8 C | Embryo vellow corn. | 27.5 + 0.746 | 17.52 19 
“white “ | 26.1 + 0.702 | 17.40; 19 
10 C | Remainder of kernel, embryo | 29.8 + 0.417 8.94 19 


removed, yellow. | | 
.270 | 6.58 20 


11C | Remainder of kernel, embryo 26.0 
removed, white. 


* Coefficient of variability. 


TABLE VI, 
Growth of Tribolium on Different Fractions of Barley Hordeum vulgare). 
Temperature, 31-32°; relative humidity, 75 per cent; ten larve per vial. 


Ration | Days in larval period. No. of 
Mean. | 

12C | Whole barley” kernel ‘hull | 14.6 + 0.104 3.35 10 
removed). 14.6+ 0.104 3.40 10 
13 C Barley embryo. 14.5 + 0.106) 3.45 | 10 
14C Embryo end of kernel, embrvo 146+ 0.093 3.03 10 
removed. 146+ 0.093 3.03) 10 
15 C Remainder of kernel. 18.7 + 0.242 | 35.57 | 9 
190 +0.165 4.07 10 


* Coetlicient of variability. 


materials from research conducted with other animals, is a study 
of its growth on different cereals and their fractions. All of these 
fractions were carefully prepared by hand dissection with a sharp 
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dental scalpel and grinding with a mortar and pestle. The part 
of the experiment which deals with wheat was run at the usual 
temperature of 28° and 70 per cent relative humidity, that with 


TABLE VII. 
Growth of Tribolium on Different Fractions of Oats (Avena sativa). 
Temperature, 31-32°; relative humidity, 75 per cent; ten larve per vial. 


, Days in larval period. 
Ration content. pupe 
Mean. C.Vv.® 


16C | Whole oat kernel (hull re- | 16.6 + 0.190 | 3.40 10 


moved). 16.9 + 0.177 | 4.91 10 

17 C | Oat embryo. 16.4 + 0.195 | 5.54 10 
18 C | Embryo end of kernel, embryo | 16.2 + 0.159 | 4.61 10 
removed. 15.9 + 0.212 | 5.59 8) 

19 C | Remainder of kernel. 16.8 + 0.314) 8.31 8) 
16.8 + 0.314. 8.31 9 


* Coefficient of variability. 


TABLE VIIL. 
Growth of Tribolium on Different Fractions of Rice Kernel (Oryza sativa). 
Temperature, 31-32°; relative humidity, 75 per cent; ten larvw per vial. 


Ra tion siiaiiisiaii Days in larval period. No. of 
Mean. C.V.* 
20 C | Whole rice kernel (hull re- |, 17.0 + 0.135 | 3.71 10 
moved). 17.2 + 0.085 | 4.32 10 
21 C | Polished rice. 21.8 + 0.368 | 4.43 3 
27.0 + 1.770 | 25.61 7 
22 C | Embryo end of polished rice | 31.2 + 2.47 | 23.45 4 
with embryo completely re- | 40.6 + 3.22 | 26.24 5) 
moved. 
23 C | Remainder of kernel. 47.0 + 2.31 16.90 5 
39.7 + 3.64 | 27.20 4 


* Coefficient of variability. 


corn at 30° and 75 per cent relative humidity, and the remainder 
at 31-32°. Results are given in Tables IV to VIII inclusive. 

It is of course evident that this type of experiment does not 
permit determination of the identity of a limiting factor. All one 
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can say is that some more or less quantitative or qualitative defi- 
ciency is indicated by comparison of results but even this might 
have a certain significance in the case of cereals completely ana- 


TABLE IX. 
Growth-Promoting Power of Wheat Kernel and Its Fractions When Added to 
Pirified Ration Lacking Vitamin B. 
Temperature, 31-32°; relative humidity, 75 per cent; twenty larvae per 
vial. 


| 
| Mean. C.V.* 

| Waele weet... 20 | 17.0 + 0.201 | 7.42 18 
16.4 + 0.161 6.32 19 

25 C 10 | 18.1 + 0.299 | 10.95 20 
19.1 + 0.322 | 11.23 19 

26 C 1; 39.2 + 3.75 | 31.62 
46.7 + 3.03 | 27.10 8 

27.C | Dissected wheat embryo... 10 | 16.5 + 0.178 | 6.62 17 
16.8 + 0.185 | 6.59 18 

20.6 + 0.293 | 9.44 20 

29 C | Embryo end of kernel, em- 16.2 + 0.178 | 7.28 20 

bryo removed............ 20 | (Duplicate omitted by mis- 
take.) 

30 C 10 | 19.5 + 0.283 | 9.61 20 
17.6 + 0.138 | 7.84 20 

31 C 1 | 47.4 + 3.58 | 29.55 7 
45.0 + 2.56 | 21.65 6 

32 C | Remainder of kernel....... 20 | 23.6 + 0.395 | 11.10 20 
23.4 + 0.447 | 12.64 20 

33 C 10 | 30.7 + 1.145! 19.10 12 
(Duplicate omitted by mis- 

take.) 

34 C 1 | 36.0 + 2.02 | 25.0 2 

48.0 + 2.23 | 11.38 3 


* Coefficient of variability. 


Such applications 


lyzed biologically in the case 01 mammals. 
will be pointed out later. 

In the case of wheat some factor in the endosperm is at a growth- 
limiting level, but whole wheat, the embryo, or the embryo end 
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of the kernel gives uniformly normal growth (Table IV). In the 
corn experiment white and yellow varieties were compared with 
no result indicating a superiority in the yellow due to its vitamin 
A content. This agrees with previous evidence of absence of 
sensitivity to this factor. Croll and Mendel (23) reported a lack 
of vitamin B in corn endosperm but removal of the embryo did not 
consistently prolong the growth of Tribolium (Table V). Barley 
(Table VI) gave normal growth if the embryo or embryo end of the 
endosperm was present but the distal end of the kernel produced 


TABLE X. 
Growth-Promoting Power of Corn Kernel and Its Fractions Added to Purified 
Basal Ration Lacking Vitamin B (Yellow Corn). 
Temperature, 31-32°; relative humidity, 75 per cent; twenty larve per 
vial. 


Addition to basal ration. ig 
Mean. Vv." 
per cent 
20 | 21.4 + 0.218 | 6.45 19 
36 C 10 | 21.5 + 0.188 | 5.02 15 
Cor 20 | 21.0 + 0.289 | 8.92 19 
39 C 10 | 23.1 + 0.331 | 9.58 17 
40 C 1 | 26.7 + 0.4387 | 10.00 17 
41 C | Remainder of kernel....... 20 | 21.6 + 0.154 | 4.27 19 
42 C 10 | 26.5 + 0.443 | 9.28 14 
43. C 1 | 38.6 + 1.37 14.94 8 


* Coefficient of variability. 


retarded development when used as the entire ration. This is 
very similar to the results with wheat. ‘The fractions of the oat 
kerne] (Table VII) were essentially similar in effect but none was 
the equa] of whole wheat or barley. Whole rice (Table VIII) 
is very like oats but it is remarkable that polished rice or the 
endosperm alone permitted a fair percentage of pupations in spite 
of the belief that this portion entirely lacks vitamin B (M[eCollum 
and Davis (24)). ‘This is probably evidence that these animals 
can exist on a lower level of this factor than the usual laboratory 
animals, possibly because their grcwth period is more elastic. 
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(ne is led to speculate on the probability of the presence of this 
vitamin in all once living structures. 

Experiment 6. Use of Tribolium for Determination of Vitamin B 
in Portions of Cereals Added to a Purified Basal Ration Lacking That 
Factor.—Bell and Mendel (25) and Croll and Mendel (23) have 
made detailed studies of the vitamin B content of wheat and corn 
and their fractions using rats and mice as experimental animals. 
Since previous results with T'ribolzwm indicated a sensitivity to this 
vitamin a group of rations was planned so that results might be 
comparable. ‘The basal raticn and conditions of the experiment 
were again those of experiment 4. 

The rations and larval periods tor the wheat determinations are 
given in Table IX. The comparative abundance of the vitamin 
in the embryo is evident from comparative growth on Rations 
26C, 28C, 31C, and 34C. -Increase of endosperm distal to the 
embryo is associated with decrease of vitamin B. This conclusion 
is drawn from the great drop in growth rate when Rations 30 C and 
33 C are compared. The small number of pupz on Ration 34 C 
does not permit its comparison with Ration 31 C. This conclusive 
evidence that the embryo and its adjacent endosperm are richest — 
in this vitamin duplicates the findings of Bell and Mendel in the 
work just mentioned. 

For some undetermined reason corn does not supplement this 
basal ration so well as wheat (Table X). 10 per cent of whcle corn 
isequal in growth-promoting power to 20 per cent but the rate is still 
25 per cent below that with wheat. Results on the 1 per cent 
levels show a superiority for the germ in supplementary value but 
the remainder of the kernel is surprisingly good considering the 
results reported by Croll and Mendel. They state that practically 
all of the vitamin B in corn is in the embryo. It is possible that 
this contradiction involves the plurality of the vitamin B factor 
and in any case the growth-promoting difference demonstrated 
between wheat and corn is related to this question. Further 
research is needed to clear up this point. 


DISCUSSION. 


It has been suggested that investigations of the phylogenetic 
development of nutritional requirements might yield valuable 
implications in the understanding of needs of higher animals. 
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From this work it seems that T'riboliwm confusum has no absolute 
requirement for fat-soluble substances for growth and reproduction 
of one generation at least. (The adults emerging in different types 
of rations including one of purified constituents with the alcoholic 
extract of wheat germ and no fat were held for a time and the 
appearance of larve was later noted in all.) Sherman and Storms 
(26) concluded from results with rats that there was no good evi- 
dence of synthesis of vitamin A in the animal body at any age. 
It should be possible to rear these larve on a fat-free or vitamin 
A-free diet in sufficient numbers to determine their content of this 
substance. Culturing intestinal contents on several types of 
media failed to reveal any consistently occurring organism that 
might be a symbiotic source of nutritional constituents. When 
the Jarve or various types of rations were exposed to daily ultra- 
violet irradiation no effect was detectable. Evidently this species 
either possesses remarkable synthetic ability or the physiologic 
functions whose regulation in mammals is concerned with these 
vitamins have a different mechanism. 

The vitamin B type of accessory substance was not only a nec- 
essary constituent of the ration of Triboliwm but was present in 
the larval bodies in sufficient amount to produce a fair rate of 
growth in rats when 0.5 gm. was fed daily. Absence of vitamin C 
requirement is, of course, not peculiar to this species. In general 
such wide differences in vitamin requirements between animals 
of different phyla lend further weight to the view that these sub- 
stances are so widely different in composition and function that 
their present classification under one name will in the future be 
discarded. 

This work has especially indicated the utility of Trzboliwm in 
vitamin experiments but its ease of manipulation on purified diets 
and small food requirements point to possibilities in such other 
biological analyses as those of protein values. 


CONCLUSIONS. 


1. It is possible to determine the vitamin requirements of an 
insect, Tribolium confusum, a common pest in such human food 
materials as the cereals, by using purified or otherwise modified 
rations with essentially the procedure followed with the ordinary 
laboratory animals. 
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2. This insect can be rapidly reared on a purified ration of pro- 
tein, salts, dextrin, and a small fraction of yeast, wheat germ, and 
their alcoholic extracts, though the latter are not so completely 
supplementary as the former. The addition of a fat with or with- 
out vitamin A accelerates the growth rate. 

3. The distribution of the necessary growth-promoting sub- 
stance is similar to that of vitamin B as defined by mammalian 
growth behavior and it is at least in part identical with the purified 
products of the Osborne and Wakeman, and Levene and van der 
Hoeven purification processes. Some evidence that a plural sub- 
stance is concerned is pointed out. 

4. Tribolium is sensitive qualitatively to as low as 0.5 per cent 
of a source of this growth-promoting substance or substances and 
apparently makes a quantitative response to its additions over a 
certain range. 

5. Growth on fractions of wheat, corn, oats, barley, and rice 
indicates no absolutely limiting factor in any fraction tried. 

6. When wheat and its fractions are added to a purified basal 
ration lacking vitamin B the embryo and adjacent portion of the 
kernel are shown to be the most abundantly supplied with this 
factor. A similar study with corn demonstrated the presence of 
the necessary vitamin in the endosperm. 
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In 1914 (1) the author published a method for the determination 
of the lipids of blood or blood plasma, in which the nephelometric 
principle was made use of. The cholesterol and mixed fatty acids 
of the saponified sample were measured together, and the value 
for fatty acid was determined by subtracting from the total fat 
(fatty acids plus cholesterol) the value for cholesterol determined 
colorimetrically. Results were obtained which agreed quite well 
with those obtained by a standard macro method (Kumagawa- 
Suto (2)) but the procedure appeared theoretically faulty because 
the nephelometrie coefficients of cholestero! and the fatty acids 
were quite far apart (3, 4). Consequently a modification of the 
method was made in which the fatty acids were determined 
separately (5). The same theoretical objection that the nephelo- 
metric values of the fatty acids present (mainly oleic and palmitic 
acids) were far apart was answered by the fact that the melting 
point of the lipid mixture as measured was a more important factor 
in the values obtained than the substances themselves, a mixture 
which gave a solid (suspension) colloid when suspended in water, 
behaving quite differently from a mixture which gave a liquid 
(emulsion) colloid. Consequently a standard was used consisting 
of a mixture of fatty acids having approximately the same melting 
point as the fatty acid mixture of blood which had been shown to 
be fairly constant for a number of animals. That the theoretical 
objections had no important practical bearing was sufficiently 
shown by the fact that the values obtained by both procedures 
agreed very well with those obtained by the commonly used macro 
methods and by at least one of the micro methods, facts which 
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should be emphasized since they have not been mentioned by the 
eritics of the method. The reason why it has been possible to 
measure in one mixture substances of such different nephelometric 
properties as cholesterol, palmitic, and oleic acids was that it was 
their behavior as a mixture rather than as individuals which was 
involved. Nevertheless the success of the method appeared to 
depend to a considerable extent on the constancy of the blood fatty 
acid mixture, and, while this seemed to hold over a varicty of 
conditions (6), it was not hard to imagine conditions, e.g. during the 
absorption of large amounts of fat from the intestine, when the 
mixture might change radically in composition and the procedure 
would be liable to error in so far as the new mixture differed in its 
nephelometric properties from that of the mixture present in the 
blood in the postabsorptive state. The nephelometric method 
therefore seemed to lack flexibility. Other objections to the 
procedure were that, as noted above, it is difficult to defend on 
theoretical grounds, at least in the light of present knowledge, and 
has the practical disadvantage of requiring a special instrument— 
the nephelometer—one which some workers apparently cannot 
use successfully. Moreover, the fatty acid suspension is not an 
easy one to work with, being relatively coarse, changing continu- 
ously in value, and requiring therefore a standard which changes 
in value at approximately the same rate. A procedure was sought 
which would be more independent not only of the lipid mixture 
of blood but also of the personal factor, and preferably one which 
called for ordinary quantitative apparatus. 

In 1918 Bang (7) announced an oxidative method suitable for 
use with the amounts of fatty material in 100 mg. of blood, and 
which appeared to offer the needed independence of the lipid 
mixture of blood since the factors found were very nearly the same 
for the common fatty acids and cholesterol. Regarding this 
method Blix, who has made extensive use of it in his work in dia- 
betes, has made the following statements (4): “The common 
adoption of the method would then soon have been expected 

. . . On the contrary it appears that the number of investiga- 
tiene published i in which this method has been applied is remark- 
ably few. The supposition is then near at hand that the method 
has been tried in many laboratories but for some reason or other 
rejected. Various investigators report unsuccessful attempts to 
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obtain reliable results by the method and point to certain sources 
of error difficult to control.” Blix further states that in papers 
on investigations in which the method has been applied very 
little comment is given on it in spite of the fact that the figures 
found sometimes showed very marked discrepancies from corre- 
sponding figures published by Bang. Modifications of the method 
have been recorded by Condorelli (8) and Vasilewska (9) whose 
procedure is essentially Pang’s, adapted for use with 1 mg. of 
fatty acid. Von Szent-Gyorgi (10) has offered a modification of 
the procedure applied to cholesterol which is notable in that a 
more complete oxidation was attempted although the values 
obtained were still some distance from the values for complete 
oxidation (factor of 3.35 as compared with the theoretical 3.92). 
On the other hand the method is not lacking in enthusiastic sup- 
porters of whom Blix (4, 11)-and Fleisch (12) are two outstanding 
examples. These workers report large numbers of determinations 
claiming an accuracy which, considering the minute amounts of 
material worked with (about 0.1 mg.), is little short of marvelous, 
but which, with the limitations noted below, have been to a con- 
siderable extent corroborated by work done by the writer. Other 
workers reporting favorably on the procedure are Gade (13), 
who however substituted a new method, and very recently 
von Fellenberg (14) who reviewed the use of chromic acid oxida- 
tion and applied what is essentially the Bang procedure to the 
oxidation of a number of substances. The use of chromic acid 
oxidation for quantitative purposes is, of course, not new and 
has recently been made the basis of a method for the micro de- 
termination of carbon by Nicloux (15). 

A significant fact regarding Bang’s method is that the propon- 
ents of the method do not agree as to the basic factor for calculat- 
ing their values. For example, in the case of oleic acid Fleisch 
agrees with Bang in using the factor 2.50, while Blix uses 2.06 
(our own work with the Bang procedure as noted below gave a 
value of 2.29). Vasilewska (9), adapting the method to use with 
about 10 times the amount of material employed by Rang, used a 
factor of 2.65. These facts indicate a fundamental defect in the 
Bang procedure, which has probably been one of the stumbling- 
blocks in the way of the wide use of the method. The acquaint- 
ance of the present writer with Bang’s method dates from its 
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first appearance in 1918 when an unsuccessful attempt was made 
to use it. Attention was again directed to the method by the work 
of Blix on diabetic lipemia (11) in which results obtained by 
Bang’s methods were claimed to be at variance with those obtained 
by the nephelometric methods (16). With R. G. Sinclair of this 
laboratory the oxidative procedure of Bang’s method was again 
tested out, particular attention being paid to the directions given 
by Blix for its use. At first no consistent results could be ob- 
tained with it on the common fatty acids—oleie and palmitic. 
It was finally decided that the method of driving off the solvent 
by heating on a sand bath was at fault because of the difficulty 
of controlling the heating, so a bath of Wood’s metal heated to 
145° (the temperature at which the solvent could be boiled off 
in the 70 seconds recomn.ended by Blix) was substituted, with the 
result that consistent values were obtained, but the factor for 
oleic acid found was 1.68 as compared with Blix’s factor of 2.06 
and Pang’s original figure of 2.0. Fleisch also found the sand 
bath recommended by Bang and Flix an unsuitable means of 
heating and used a procedure of his own (12). 

Irom this preliminary work it became evident that, for the 
removal of the solvent and subsequent oxidation, the test-tube 
was not a suitable vessel, and for the remainder of the work on the 
method 125 ec., flat bottomed Erlenmeyer flasks with glass 
stoppers were used. The material in solution in petroleum ether 
was transferred to these flasks, the solvent removed by heating in 
a current of nitrogen (later air), and the oxidation and titration 
of the excess dichromate carried out aecording to the directions 
of I-lix by use of a micro burette. Series of results in excellent 
agreement with each other were obtained by this procedure, 
amounts of oleic and stearic acids and cholesterol of 0.2 mg. 
being measured with an average error of 3 per cent and a maximum 
error of about 6 per cent (see Table I, I:xperiments 10 to 12), 
thus indicating that the procedure had in it the possibilities 
claimed by ang. Nevertheless, as noted above, the factors for 
the substances determined did not agree with those of either Blix 
or Bang. Thus Eang’s factors were oleic acid 2.50, cholesterol 
2.45. Blix’s factors were oleic acid 2.09, cholesterol 2.47, 2.50, 
palmitic acid 2.14, stearic acid 2.27. Fleisch found Bang’s factors 
correct. Our own averages obtained in series of ten or more de- 
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terminations in good agreement with each other (see Table I, 
Ixperiments 10 to 12) were oleic acid 2.29, cholesterol 2.62, stearic 
acid 2.26. Since blood values would be reported in terms of these 
factors, the absolute values of blood lipids reported by different 
workers would differ from each other in the same proportion, 
although data obtained by each might be comparable among 
themselves and could probably be compared with each other 
provided the oxidative factor had been determined sufficiently 
carefully and conditions of oxidation kept constant. 

The reason for the differences in the oxidation factor is not far 
to seek, since the oxidation of the fatty acids by Bang’s procedure 
is incomplete (less than two-thirds). The end-point would 
therefore be subject to various influences such as environmental 
temperature and rate of cooling of the reaction mixture (Blix 
states that the temperature. factor is unimportant), and the pres- 
ence of foreign substances either oxidizable or acting as catalysts. 

It might be possible to standardize the method to give useful 
results as long as the procedure was strictly adhered to but this 
standardization might apply to only one set of conditions or to 
only one laboratory. It has, therefore, seemed to the writer more 
worth while to attempt a radical modification, if possible one in 
which the oxidation would be complete and the values therefore 
absolute. Complete oxidation would retain the advantage of the 
Bang procedure (comparative independence of the nature of the 
fatty material) and be more independent of environmental 
conditions. The results of the attempt are recorded below, and, 
while theoretical oxidation values have not been entirely attained 
(perhaps cannot be), the results are within a few per cent of abso- 
lute values and therefere near enough for present practical 
purposes. 

The end aimed at was complete oxidation according to the 
equation (for palmitic acid) Ci¢6H3202 +- 23 O. = 16 CO, + 16 H.O, 
from which it may be calculated that 1 mg. of palmitic acid should 
be completely oxidized by 3.59 ce. of 0.1 N dichromate when used 
with sulfuric acid, according to the equation K.Cr,O; + 4 H2SO, = 
+ Cre(SOy)3 + 4 HO + 30. For oleic acid the factor 
would be 3.61, for stearic acid 3.66, and for cholesterol 3.92. 
It is notable that the three commonest fatty acids have thus 
theoretical combustion values very nearly the same (the greatest 
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difference between them being less than 3 per cent), while even 
for cholesterol the value is less than 10 per cent different. Since 
much of the reported difficulty with Bang’s procedure could be 
traced to the effect of impurities on the minute amounts of material 
measured, the procedure was arranged for use with a larger 
amount, the basic weight chosen being 2 mg. By the use of this 
amount the effects of traces of impurities in reagents or slight 
accidental contamination was largely eliminated. Also by this 
means it was possible to avoid unusual apparatus, the whole de- 
termination being carried out with standard quantitative equip- 
ment. The general plan of the determination was to heat the 
fatty substance with an excess of sulfurie acid-dichromate oxidiz- 
ing agent and to determine the amount of reagent used and so 
the amount of material oxidized by a titration of the unused re- 
agent, use being made of the familiar iodometric procedure with 
standard thiosulfate. At first the plain sulfuric acid-dichromate 
reagent was used and it was demonstrated that excellent results 
could be attained with it (see Table I, Experiments 7 to 9), but 
the reagent plus the silver catalyst as introduced by Simon and 
Nicloux (15) was found to be a considerable improvement over the 
plain reagent in shortening the time of heating and increasing 
the certainty of the determination, so that it was finally adopted. 
Attaining complete oxidation under conditions such that a 
- quantitative measurement by difference was possible, was found 
to consist largely in adjustment of time and temperature of 
heating. The oxidizing mixture if heated high enough gives off 
its oxygen spontaneously to the air. The temperature must be 
so adjusted that this decomposition is negligible during the time 
of heating employed and yet that the reagent is in so sensitive a 
condition that the last traces of material are completely oxidized. 
The temperature of greatest sensitivity with least decomposition 
was found to be in the neighborhood of 124° and both temperature 
and time of heating were fairly critical. Not more than 2° above 
or below 124° was allowable, although 5 minutes longer time 
than that specified made only a negligible difference. The time 
of heating at this temperature with use of the plain reagent was 
found to be 25 to 20 minutes; with the silver reagent of Nicloux, 
15 to 20 minutes. For the heating, ordinary electrically heated 
hot air ovens with temperature adjustment accurate to + 2° 
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were found sufficiently good. In ovens of this kind the tempera- 
ture varies considerably from point to point and precautions must 
be taken to make sure that the temperature is the same in the 
samples, the control, and the vessel in which the thermometer is 
placed. To insure the even distribution of the heat, the ovens 
were fitted with a thick (3 inch) iron plate resting on a shelf in the 
oven and on which the flasks were set for heating. The thermom- 
eter was placed in a flask similar to those used for samples and 


TABLE I. 
Oxidation of Lipids. 

Kindend weiehtot | Reagent.| | 3/3 | | £3 | | 

© =p 3.2 —E| 38 

<3) | < > < 
1 | Oleic acid, 2 mg. Silver.; 15 124; 10/ 3.58) 0.6) 1.4} 3.7 
2 | Palmitic acid, 2 mg. 15 | 124] 31 | 3.46) 3.08) 1.0 | 3.0 
Cholesterol, 2 mg. 15 | 20/ 3.81) 1.30) 2.0 | 5.2 
4| Palmitic acid, 2 mg. 60; 90; 18 | 3.47) 2.81) 1.7 | 3.4 
60 | 89} 3.50) 2.00) 1.7 | 4.4 
6| Cholesterol, 2.4 “ 60 | 89; 20 | 4.58) 2.00) 1.0 | 2.5 
7| Palmitic acid,2 “ Plain. | 25 | 124; 18) 3.57; 0.0 | 1.04 3.0 
8 30 | 122; 15 | 3.54, 1.0 | 2.3 | 5.0 
9} Oleic acid, 2 “ 6s 25 | 124 9 | 3.52) 2.4 | 1.04) 2.6 
10 20 |22-24, 16 | 2.29/36.6 | 1.2 | 1.2 
11 Cholesterol, 0.2 mg. 20} 22)! 12 | 2.62/35.4 | 2.2 | 6.0 
12 | Stearic acid,0.2 “ 20 | 22 16 | 2.26:38.4 | 2.0 | 4.7 
13 | Mixed palmitic acid | Silver. | 20 | 22 8 | 2.9621.0 | 1.6 | 3.0 

and cholesterol, 
2 mg. 


containing the same amount of reagent, the end extending through 
a hole in the top of the oven, so that readings could be made with- 
out opening the oven. 

Equally good results were also obtained by conducting the 
heating on a water or steam bath at 88-90°, the time of heating 
being increased to 1 hour; in fact, better duplicates were ordinarily 
obtained by this procedure and the time of heating could be 
extended to 14 hours without changing the values. 
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While determinations have been carried out in this laboratory 
under a considerable variety of conditions and it is believed that 
the times and temperatures stated will give the results claimed, 
it is perhaps too much to expect that similar conditions will 
always be found, and therefore small alterations of temperature 
and time of heating may have to be made. 

The details of the method as used for the preliminary study of 
the oxidation of the fatty acids and cholesterol are given below 
in connection with its application to blood plasma. The results 
of typical series of consecutive determinations made by this 
procedure on known material are collected in Table I. The 


TABLE II. 
Oxidation of Varying Amounts of Lipids. 
Results are expressed in cc. of 0.1 N dichromate per mg. 


aeid 3.62 3.53 3.52 3.54 
3.60 3.52 3.51 3.52 

(2.92). 3.82 3.94 3.61 
3.90 3.81 

3.82 3.81 

Cholesterol and palmitic acid, 3.84 3.75 3.75 3.81 
equal parts (3.74). 3.85 3.79 3.78 3.79 
3.85 3.75 3.82 3.81 

3.73 3.74 3.70 3.75 

3.80 3.80 3.70 3.65 


* The figures in parentheses indicate theoretical values. 


substances used were oleic acid, Kahlbaum’s K grade with an 
iodine absorption value of 90.0; stearic acid, Fastman Ixodak 
Company, twice recrystallized from alcohol, m.p. 68.9°; palmitic 
acid, Eastman Kodak Company, m.p. 62°; cholesterol from human 
gallstones, recrystallized from aleohol to constant melting point 
at 145°. Tor the measurements these substances were dissolved 
in petroleum ether so that 1 ec. of solution contained 1 mg. of 
material. 

Excess of Reagent.—To be certain of complete oxidation in the 
time allowed a large excess of reagent—more than double the 
theoretical amount—must be present. This is allowed for in the 
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directions. That the reagent as used is adequate for oxidation 
over a considerable range of values is shown by the results in 
Table II. Amounts of from 1 to 4 mg. of fatty acids when 
determined according to the directions gave the values shown in 
Table II. Theoretical oxidation values are printed in parentheses. 


Application to Plasma. 


The oxidative procedure has been applied to the alcohol-ether 
extract of blood plasma as follows: 

Reagents and Apparatus Required.—0.1 N sodium thiosulfate; 
N potassium dichromate; 1 per cent starch solution; 10 per cent 
potassium iodide. 

Sulfuric Acid Reagent.—Pure concentrated sulfurie acid con- 
taining silver dichromate (silver reagent) prepared after Nicloux 
(15) as follows: To 5 gm. of silver nitrate dissolved in 25 cc. of 
water in a 100 ec. centrifuge tube were added 5 gm. of potassium 
dichromate dissolved in about 50 ce. of water. The precipitated 
silver dichromate was separated by centrifugation, washed twice by 
centrifugation with water to get rid of the nitric acid, and the cake of 
precipitate dissolved without drying in 500 ec. of pure concen- 
trated sulfuric acid. 

Petroleum Ether —Commercial petroleum ether was fractionally 
distilled with a Clarke’s (17) column, that which distilled above 
60° being rejected. The distillate below 60° was washed with 
concentrated sulfuric acid and redistilled with an ordinary con- 
denser. 50 ce. portions of this purified petroleum ether gave no 
blank when carried through the procedure below. Fair results 
can be obtained with unpurified commercial petroleum ether 
provided sufficient care be taken to remove the last traces of 
solvent from the fatty substances before oxidation (a difficult 
operation) and adequate control determinations made, but the 
purified material is well worth the effort of preparing it. 

Aleohol-Ether Mixti'r,.—3 parts of 95 per cori aeohol ts 1 part 
of ordinary ether, beth “st whieh must be redist‘lied to 1emove 
traces of non-volatile organic substuces., 

Sodium Ethylate.—(Approximately Made by ‘dissolving 
2 to 3 gm. of cleaned metallic sodium in, 19) cof Absalyt ateohol, 
the solution being kept cool during the pré ss. y[his ygagent 
should be kept cool and in the dark and disea ‘hier it beeomes 
much colored. 
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For the oxidation glass-stopped, Erlenmeyer flasks of 125 to 
150 ee. capacity are required. ‘These are cleaned for use by treat- 
ment with cleaning mixture (concentrated sulfuric acid and 
dichromate) for 1 hour in the hot air oven at 124°, then rinsed well 
with water, dried with heat, and kept stoppered. 

Heating Apparatus.—(a) An electrically heated hot air oven with 
temperature adjustment accurate to + 2°. The ordinary inex- 
pensive hot air ovens of several makes were found reread 
These were fitted with a special shelf consisting of a ? inch iron 
plate. The ovens should be heated for at least 2 ene: before use 
in order to come to constant temperature, and the temperature 
should be checked before each set of determinations. 

(b) A water or steam bath which will maintain a temperature of 
88-90°. The holes in the bath in which the flasks rest should be 
large enough just to hold the flask without allowing it to slip 
through. 

Temperature Control—The temperature in each case is to be 
measured by the use of a thermometer suspended in the liquid 
in a flask similar to the ones used for the determinations, the 
liquid being a measured sample of the mixture as used in the 
oxidations. The thermometer should be compared with a 
standard thermometer at the temperatures used. Since the time- 
temperature factor is critical, these details should be closely 
checked. 

Extraction.—3 ec. of blood plasma were added to about 40 ce. 
of the alecohol-ether mixture in a 50 ec. volumetric flask. The 
plasma was run into the solvent in a slow stream and the flask 
was rotated during the process so that a finely flocculent precipi- 
tate of the protein was obtained. The flask was then immersed 
in boiling water with continuous rotation until the liquid boiled. 
It was kept at the boiling temperature for a few seconds, after 
which the liquid was allowed to cool to room temperature, made 
up to volume with alcohol-ether mirture, and filtered through a 
fat-free filter." erder to oKtain the largest amount of filtrate 

possible the filter paner containing the protein precipitate was 
folded in the tunnel and pressed out with a glass rod. The 
extraction of lipids from plasma by this procedure is practically 
complete as is shown ‘by the fact that 25 ce. portions of plasma 
when treated in this way, filtered, the precipitate well washed 
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with aleohol-ether mixture, then digested with 20 per cent alkali 
for 8 hours, acidified, and extracted with ether, give no weighable 
residue. ‘The statement appearing in the literature and attributed 
to the author that the aleohol-ether extraction is not complete 
by this procedure applies only to whole blood or corpuscles and 
not to plasma. 


Determination. 


Total Lipid.-—Total fatty acids and cholesterol were determined 
together in a portion of the aleohol-ether extract by saponification, 
extraction of the acidified residue with petroleum ether, and 
oxidation of an aliquot of the solution with the sulfuric acid- 
dichromate reagent. Cholesterol was determined colorimetrically 
in another aliquot, and its oxidation value calculated and sub- 
tracted from the oxidation value of the mixture of total lipid, 
giving the value for total fatty acids. The fact noted above, that 
the oxidation values for the common fatty acids and also for 
cholesterol are close together, makes negligible the error of such a 
calculation. 

The procedure was as follows: Portions of the alcohol-ether 
extract containing about 5 mg. of total lipid (ordinarily 15 to 20 ce. 
of the extract made as directed above) were measured into 100 ce. 
Erlenmeyer flasks, 2 ec. of the sodium ethylate added, and the 
whole evaporated on the water bath to absence of alcohol (odor). 
The traces of aleohol vapor were swept out of the flask by a gentle 
current of air, leaving a residue which was pasty but not dry. 
1 ee. of dilute sulfuric acid (1 part of concentrated acid to 3 parts of 
water) was added to render the mixture acid after it was extracted 
with petroleum ether as follows: The acid mixture was heated 
on the water bath for 1 minute, and to the hot mixture were added 
10 ce. of petroleum ether, which was thereby made to boil. The 
flask was then rotated gently at the boiling temperature on the 
water bath for 2 or 3 minutes, after which the solvent was com- 
pletely poured off from the watery residue into a 25 cc. volumetric 
flask. The heating and extraction were repeated with portions of 
about 5 ce. each of petroleum ether, the sides of the flask being 
washed down and the petroleum ether poured off completely each 
time, until the volumetric flask was nearly full, after which it was 
brought to room temperature, filled to the mark, the contents well 
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mixed, and the flask tightly stoppered. Owing to the marked dif- 
ference in the surface properties of petroleum ether and water this 
simple procedure is adequate for complete extraction, since the 
petroleum ether can be poured off clean from the water each time. 
All lumps or fragments of suspended matter should disappear 
under this treatment and the acid water after extraction should 
be clear and free from particles. 

Oxidation—10 ec. aliquots of the petroleum ether solution 
containing therefore about 2 mg. of lipid were measured into the 
125 cc. glass-stoppered digestion flasks. The solvent was evapo- 
rated and the last trdces were blown out with a gentle stream of air. 
To the flasks were then added 5 ce. of the silver reagent (measured 
carefully because it contains some chromic acid) and then 3 ce. 
(accurately measured) of the nN dichromate, with rotation. A 
control containing all the reagents except the fatty material was 
prepared and run along with the samples under exactly the same 
conditions. Ordinarily, a set consisted of four samples and one 
control. 

After mixing the material well by rotation, the flasks were 
loosely stoppered and set in the oven. After 5 minutes heating 
they were removed, rotated to stir up the contents, the stoppers 
tightly inserted, and the flasks replaced in the oven for the remain- 
der of the heating period,—a total of 15 to 20 minutes. At the 
end of this period the flasks were removed from the oven and 
without cooling 75 ce. of distilled water were added, after which 
the excess of dichromate was measured by titration as follows: 

To the flask were added 10 ec. of 10 per cent potassium iodide 
and without stirring (which might result in loss of iodine by 
fuming), the 0.1 nN thiosulfate was run in from a burette, the con- 
tents of the flask being kept mixed by rotation, at first gentle, 
then as the iodine content diminished more forceful. The silver 
causes a white precipitate to form which, however, does not 
interfere with the color change in the titration or with the end- 
point. When the titration was nearly complete a few drops of 
the 1 per cent starch solution were added and the titration was 
finished as usual. The titration of the blank was carried out in 
the same way. The difference between the titrations of the blank 
and the sample represents the amount of 0.1 N dichromate used 
by the fatty material in the sample. 
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For example, with a sample of oleic acid (theoretical value per 
mg. = 3.61 ce. of 0.1 N dichromate). 


Titration of blank = 33.00 ec. 0.1 N thiosulfate. 


sample = 23.45 0.1 “ 
Difference. 9.55 “ 0.1 
Equivalent to 9.55 ee. 0.1 N dichromate. 

9.59 
Representing ee = 2.65 mg. oleic acid. 


The digestion mixture should remain definitely brown through- 
out the heating period, indicating an excess of oxidizing agent. 
If the mixture becomes green or even shows a marked green tint 
either when the reagents are first mixed or at the end of the first 
5 minutes of heating, it means that the necessary excess of oxidizer 
is not present. ‘The determination may ordinarily be saved by 
the addition of a second amount of silver reagent and dichromate 
and continuing the heating, but another determination should 
be run as a check with a sufficiently smaller aliquot to make sure 
that the necessary excess of reagent is present. 

Cholesterol.—Cholesterol was determined colorimetrically in a 
second aliquot of the petroleum ether extract, according to an 
earlier procedure to which the reader is referred (18). 10 ce. of 
the extract were measured into a small Erlenmeyer flask and the 
solvent completely removed by evaporation as before. Chloro- 
form in successive small portions was added, gently warmed to 
dissolve the residue, and decanted into the 10 ec. glass-stoppered 
graduated cylinders recommended for this determination. At 
least three extractions were made, after which the chloroform 
extract was adjusted to approximately room temperature and 
made up to the 5 ce. mark. 1 ce. of acetic anhydride and 0.1 ce. 
of concentrated sulfuric acid were added, the cylinder stoppered, 
and the substances well mixed. As a standard for comparison 
9 cc. of a standard solution of cholesterol containing 0.5 mg. of 
cholesterol were measured into a similar 10 ee. cylinder, the 
same amount of acetic anhydride and sulfuric acid added, and the 
materials well mixed. The cylinders were placed in the labora- 
tory under the same light conditions in which the reading was to 
be made, left 15 minutes, then the readings made as usual, and 
the cholesterol value calculated from the reading. 
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Calculations. 


From the two values, total lipid and cholesterol, total fatty 
acids may be calculated as in the example which follows: 3 ce. of a 
sample of plasma were extracted with 50 cc. of aleohol-ether mixture. 
15 ec. of the extract were taken, saponified, extracted, and the 
extract made to 25 ec. in petroleum ether. A 10 ec. aliquot of 
the petroleum ether extract required 7.00 cc. of 0.1 N dichromate 
for oxidation. Another J0 cc. aliquot was found to contain 0.638 
mg. of cholesterol by colorimetric determination. 

As noted above 1 mg. of cholesterol requires 3.92 ce. of 0.1 N 
dichromate for complete oxidation. 0.638 mg. would require 
then 0.638 X< 3.92 cc., or 2.50 ec. of 0.1 N dichromate. 7.00 — 
2.50 = 4.50 ec. of 0.1 N dichromate for the total fatty acids. 
The common fatty acids require for complete oxidation amounts 
of dichromate as follows: palmitic 3.59, oleic 3.61, stearic 3.66. 
Since the ones present in the largest amounts are oleic and palmitic 
acids and since oleic acid is generally considerably in excess of all 
the others, the factor 3.60 is sufficiently close to the truth for 
practical purposes, especially as it is within 2 per cent of any of the 
values. 

4.50 


The weight of total fatty acids would then be 3 60 

The final aliquot used corresponds to 0.36 cc. of plasma (3 cc. of 
3 

plasma dissolved in 50 cc., 15 ee. taken = = X 15 = 0.9 ec. of 


50 
plasma; 0.9 cc. in 25 ec. of petroleum ether, 10 cc. taken = 


= 1.25 mg. 


10 
25 xX 0.9 = 0.36 ec. of plasma). The values for 100 cc. of plasma 


would then be: 


100 
Total fatty acids 0.36 xX 1.25 = 347 mg. per cent. 


1 
Cholesterol a xX 0.638 = 177 mg. per cent. 


Total lipid, 525 mg. per cent. 


A factor for approximate calculations of total lipid may be 
calculated from the fact that cholesterol as found in plasma is 
ordinarily close to one-half the value of the total fatty acids. The 
factor would then be obtained as follows: 2 * 3.60 + 1 X 3.92 


4 
} 
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= 3.x;from which x = 3.7 ce. 0.1 N dichromate; from which and 
the titration value for total lipid in the above example, the calcu- 
lated value for total lipid = 524. 


Recovery of Added Lipid. 


Testing of the method by recovery of added lipid was carried 
out as follows: Oleic acid as soap solution in aleohol-water mixture 
was added in measured small amounts to plasma and the plain 
and the treated plasma were carried through the procedure as 
directed. Results were obtained as shown in Table III. 


TABLE III. 
Recovery of Added Fatty Acid. 

Lipid content Fatty acid Lipid content Fatty acid Fatty acid, per 
of plasma. added. of ‘mixture. recovered. cent recovery. 
mg. per cent mg. per cent mg. per cent ma. 

475 200 771 196 98 
406 400 807 401 100 
417 300 700 283 94 
304 184 532 178 97 
374 184 990 176 96 
381 276 659 278 101 
419 368 787 390 96 
453 276 712 259 94 
493 184 677 184 100 
495 184 980 175 95 
398 276 644 284 103 
405 276 677 242 98 


Lecithin.—Determinations of phospholipid (lecithin) may be 
made in aliquot portions of the aleohol-ether extract according to 
earlier directions (19). At present the writer has very little to 
add to what has already been said about this procedure. With 
regard to the criticism by Baumann (20) that phosphoric acid is 
lost during the ashing with the Neumann mixture of sulfuric 
and nitric acid, it may be said that the loss of phosphoric acid 
is connected largely with the distillation of the sulfuric acid and 
that if care be taken in the heating to avoid boiling off much of 
the sulfuric acid, no appreciable loss of phosphorie acid occurs 
(21). In recent years a number of colorimetric procedures have 
been offered which have been shown to work well for the deter- 
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mination of phosphoric acid and which may be applied with 
suitable precautions to the sulfuric-nitrie acid digestion mixture. 
In the author’s experience these methods have no advantage over 
the nephelometric determinations of phosphoric acid as the 
strychnine-phosphomolybdate originally described, except that 
the determinations may be carried out by the use of the colorim- 
eter instead of requiring a special instrument, the nephelometer. 
The strychnine-phosphomolybdate suspension is especially well 
adapted for nephelometric work, being finely divided, reasonably 
stable, and easily reproducible. 


Discussion of the Procedure. 


I-xamination of the literature and personal experience bring the 
conviction that accurate determination of the fatty substances 
of the tissues and fluids is never an easy procedure, and particu- 
larly is this true of the micro methods. The directions given 
above are simple and when properly carried out are adequate, but 
exacting quantitative care must be taken at every step. Practice 
determinations on known solutions until accuracy is attained 
should precede all serious work. The following notes on the 
procedure are intended to be helpful. 

Preparation of Sample-——The amount of plasma and aleohol- 
ether mixture recommended—3 ec. of plasma in 50 ee. of 
aleohol-ether mixture—will yield enough filtrate for duplicate 
determinations of total lipid and cholesterol (therefore also of 
total fatty acid) or for single determinations of these substances 
and lecithin. If duplicate determinations of all these are required 
(which is advisable), more plasma and aleohol-ether mixture should 
be used—5 ec. of plasma in 100 ec. of aleohol-ether mixture. 
On the other hand very good duplicate measurements of total 
lipid, cholesterol, and total fatty acids may be obtained from 
1 ee. of plasma in 50 ec. of aleohol-ether mixture or single measure- 
ments from 0.5 ec. of plasma, since the oxidative procedure as 
outlined gives good results with 1 mg. of lipid. It is reeommended, 
however, that the procedure be followed as directed since thereby 
a sufficient titration difference is obtained to minimize the effect 
of errors inherent in titration. The completeness of the extraction 
by this short procedure depends upon the fact that the protein is 
precipitated in finely divided flocculent form, so that all parts of 


. 
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the precipitate are in close contact with the large excess of solvent, 
with the result that solution of the soluble material takes place 
at once. If large clumps of precipitated protein are allowed to 
form by improper addition of plasma to the solvent, complete 
extraction is difficult or impossible. In preparing the alcohol- 
ether sample the flask should be as nearly full as is safe to avoid 
boiling over during the heating, since it is this solvent and not 
what is added later that is responsible for the extraction. The 
flasks should be at least three-fourths full when the plasma is run 
in. The alcohol-ether mixture readily superheats, and, if care 
is not taken during the heating to keep the material in the flask 
in considerable motion, some may be lost by explosive boiling. 

Saponification and Second Extraction.—In the determinations as 
carried out, z.e. determination of total fatty acid and cholesterol 
together, saponification is not strictly necessary. Values in fair 
agreement and about 10 per cent higher (because of the glycerol 
and choline in the lecithin) are obtained by merely evaporating 
the aleohol-ether mixture and extracting the residue with warm 
petroleum ether. Mechanical difficulties—the presence of 
flecks of insoluble material, hard to separate from the petroleum 
ether, render this procedure difficult so that saponification is 
recommended. 

At the end of the saponification the traces of aleohol are com- 
pletely removed (by air current) since otherwise the alcohol passes 
into the petroleum ether and may escape removal during the 
evaporation of that solvent and so increase the values obtained 
by the oxidation. In driving off the alcohol the residue is brought 
almost to dryness and thereby there may be formed lumps of 
material which contain lipid and which must be completely 
broken up during the acidification and extraction before all the 
lipid can be dissolved. In the later treatments with petroleum 
ether care should be taken that the solvent reaches all parts of the 
flask where fatty material is likely to be. If all has gone well the 
treatment with successive portions of warm petroleum ether should 
result in rapid and complete extraction, the whole extraction not 
occupying more than 20 minutes. The acid water after extraction 
should be clear and free from suspended material. It may be 
shown to contain reducing substances (sugar ?) and other alcohol- 
soluble organic and inorganic compounds; hence the use of petrol- 
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eum ether as a solvent since it is a more specific solvent for lipid 
than ether or chloroform and also does not dissolve appreciable 
amounts of water which in turn would carry with it water-soluble 
substances. The fact that petroleum ether is not as good a 
lipid solvent as ether or chloroform is allowed for in the excess 
used. However a fact should be noted with regard to petroleum 
ether which is often forgotten by workers in the lipid field and that 
is that certain of the fatty acids, as for example the hydroxy acids, 
are almost insoluble in it. Whether these acids are present in 
blood plasma is unknown, but it can easily be demonstrated that a 
fatty acid mixture from blood, which may be entirely soluble 
when freshly prepared, will become partly insoluble in the same 
solvent when left exposed to air or even when allowed to stand in 
petroleum ether. 

Oxidation.—Since the determination depends on the amount 
of oxidizing agent destroyed, care must be taken at all stages to 
exclude oxidizable foreign substances and also to allow for the 
possible effect of the oxygen of the air whether as such or in 
solution in the solvents used. Fortunately direct oxidation by 
the oxygen of the air appears to be largely negligible. 

The petroleum ether is allowed to evaporate on the steam bath 
and the fumes of solvent completely removed from the flask by a 
gentle current of air, since, if not completely removed, they are 
oxidized by the reagent and so result in high values. Because of 
the possibilities of oxidation the air current should be used spar- 
ingly but all the solvent must be removed. Odor is here not a 
safe guide since the purified solvent has little odor. As a guide in 
the removal the following has been found useful. When observed 
against a light, the fumes of petroleum ether can be seen pouring 
out over the rim of the flask when the air current is applied and the 
air current should be kept up for about a half minute after the 
fumes have disappeared. The possibility of oxidation of the 
lipid by this procedure was tested by the use of a current of 
nitrogen instead of air but no consistent difference could be 
noted. 

Various modifications of the oxidizing mixture were tried, from 
undiluted sulfuric acid-dichromate reagent with and without 
silver, to dilution with water up to 5 times. The undiluted re- 
agent decomposes readily with heat, especially the reagent con- 
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taining silver, and it has not been found possible to control the 
decomposition. Dilution with water stabilizes the reagent, but 
too much water reduces its efficiency until complete oxidation is 
difficult or impossible. 3 cc. of water to 5 cc. of sulfuric acid were 
found to be the most useful dilution, and this was brought about 
in the method by the addition of 3 cc. of N dichromate to the 
sulfuric acid-silver reagent. When the oxidizing solution is 
added to the lipid mixture as in the method described above, most 
of the oxidation takes place rapidly so that by the time the solu- 
tion has cooled about 60 per cent of the oxidation has been com- 
pleted. Leaving the solution for 24 hours at room temperature 
brings the percentage up to about 80. Heat, therefore, is necessary 
to complete the reaction in reasonable time. Various combinations 
of time and temperature were tried and several were found adequate, 
but the two combinations recommended, 7.e. 124° for 15 minutes 
and 90° for 1 hour, seemed best adapted to ordinary laboratory 
conditions and to the peculiarities of the reagent. 

The temperature-time factor is critical, especially at the higher 
temperature, and must be checked closely. The reagent in order 
to act effectively must be in a state of slight decomposition, and 
while the actual decomposition is insignificant during the time 
of heating, it is nevertheless present and apparently does not 
proceed at the same rate in control and test solutions, which may 
be because the amount of undecomposed dichromate is not the 
same in the two solutions as the reaction proceeds. This may also 
be the reason why a large excess of dichromate is required—3 or 4 
times the amount actually reduced. As noted above there is 
normally a slight decomposition of the reagent during the heating, 
as may be shown by differences in titrations of the heated and 
unheated blanks. Ordinarily the difference should not exceed 
0.3 or 0.4 ec. of 0.1 N thiosulfate, and if it exceeds that value the 
temperature is probably too high. At water bath temperature the 
decomposition of the reagent in the time required is less but still 
noticeable. 

Reoxidation by the oxygen of the air is prevented by the use of 
glass-stoppered flasks and by the procedure as follows: Since the 
greater part of the chromic acid oxidation takes place quickly, 
the flasks are loosely stoppered during the first period of heating 
to allow the escape of gases and are then tightly stoppered. 


1 


72 Determination of Lipids in Plasma 


When the heating period is complete, the digestion mixture is at 
once diluted with water without cooling so as to prevent oxygen 
absorption by the concentrated reagent. The possibility of 
oxidation of the reduced reagent by the oxygen in the distilled 
water (22) has been tested by the use of water which has been 
freshiy boiled and cooled without stirring. No consistent differ- 
ence could be observed. ‘That slow reoxidation of the diluted 
solution does not take place to any appreciable extent, is shown by 
the fact that the solutions after dilution may stand 2 or 3 hours 
without changes in their titration values. Standing overnight 
will, however, result in appreciably lower values. 

Titration.—The addition of 10 ee. of potassium iodide results in 
the liberation of so much iodine that there is danger of loss through 
fuming, to avoid which the iodide is not added until one is just 
ready to titrate. It is added with only enough rotation to mix 
the solutions, and much stirring or shaking 1s avoided until the 
concentration of the iodine is considerably reduced by titration. 
It is believed that the chances of error by this procedure are less 
than by the alternative one of large dilution involving transference 
to another vessel. ‘The muddy greenish brown solution becomes 
during titration lighter and lighter in color until at completion 
it is a light blue. The time to add the starch is just before the 
disappearance of the last tint of yellow. After the addition of 
starch the end-point is perfectly plain even in the presence of the 
white precipitate of silver salt. 

Corrections.—As may be seen from Table I, absolute values 
for oxidation are never quite attained, the shortage being about 
3 per cent. In the whole procedure on blood plasma, consisting 
of extractions and oxidation, the shortage is about 5 per cent 
(see Table III). Correction may be made on this basis, but, 
inasmuch as there is still considerable uncertainty as to the nature 
of blood lipids, the value of the correction may be questioned 
except in cases such as in the testing of the procedure by recovery 
of added lipid, the nature of which is known. 

Cholesterol.—A yellowish tint to the green color in some of the 
samples seems unavoidable. In most cases it is not sufficient to 
interfere with the readings but occasionally it is, and in these 
instances it has been found advantageous to use the red light- 
filter that is supplied with the colorimeter. The readings are 
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rendered much easier thereby and no appreciable difference in 
values has been found. 

Comparison of results for fatty acids and cholesterol by the 
above procedure with those obtained nephelometrically has thus 
far not shown any essential difference between the two methods, 
although the results by the oxidative method were slightly higher. 
Discussion of this point together with others connected with the 
determination of small amounts of lipids in blood is reserved for a 
later communication. 
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In a recent paper (1) we have discussed certain data regarding the lipid 
distribution in normal and abnormal liver tissues. In this paper a theory 
was suggested; namely, that in normal liver tissue there exists a certain 
definite lipid distribution or equilibrium 


phospholipid = neutral fat 


Normal liver tissue from rabbits, dogs, beef, and humans has shown this 
relation to be approximately 


phospholipid = _ neutral fat 
50 to 65 per cent 35 to 45 per cent 


Examination of abnormal liver tissue, such as that occurring in fatty de- 
generation and fatty infiltration has shown that this equilibrium state is 
materially altered, the equilibrium relation being markedly shifted to the 
right. 

Paper I of this series (1) showed the above mentioned relation clearly 
but we were interested to ascertain whether abnormal conditions regularly 
caused a decrease in phospholipid content. It is commonly accepted that 
an interrelationship exists between the combustion of carbohydrate and of 
fat within the organism, and this idea was the basis of this paper. Injection 
of insulin into the blood stream rapidly lowers the blood sugar. What effect 
has insulin upon the lipids of the various tissues—for instance the liver? 
Omura and Nitta (2) have shown that after insulin injection the fatty 
content of heart, kidney, and skeletel muscle increases, while that of the 
liver tissue decreases. Liu and Mills (3) have investigated the effect of 
insulin on blood cholesterol, fat, and sugar in nephrosis and find that insulin 
given three times daily before meals causes a decrease of both fat and 
cholesterol in the blood. Lombroso (4) and Sunzeri (5) find also that in- 
sulin injection decreases the fatty content of the liver. Macleod (6) in his 
monograph says with regard to the effect of insulin on the fat of the liver 
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and blood, that when insulin is given, the fat invasion of the liver becomes 
much less, and gives tables in support of the contention. 


These findings are in direct accordance with our data, but the 
decrease of fatty content of the liver is not marked enough in 
every case to draw any decided conclusion. In many cases 
there is a decided decrease in the fatty content after insulin 
injection over a period of time, but in other cases, the decrease 
is hardly evident. Believing that insulin injection must affect 
the liver lipids in some manner, we have determined the lipid 
distribution and characteristics of the lipids of rabbit livers. 


EXPERIMENTAL. 


The experimental work was of two kinds; first, the establishing 
of control conditions and second, the treatment of the animals 


TABLE I. 
Lipid Material of Normal Rabbit Livers. 
| 1 | 2 | 3 | + 5 6 
Total lipids, per cent... 2.03 | 2.36 | 2.99; 2.17 | 2.64] 3.00 
Phospholipids, “ 56.20 | 63.70 53.25 | 60.15 | 59.00 | 55.50 
Neutral fat, co...) 43.80 | 34.30 | 46.75 | 39.85 | 41.00 | 44.50 


* The controls were made in series, four to five animals being used in 
each. The results for each series were then averaged; they are given in the 
table. 


(rabbits in this ease) with insulin under varying conditions. For 
controls some twenty animals were used. The animals were 
allowed to adjust themselves to our conditions of housing and 
diet. All the animals used for controls and for treatment with 
insulin were allowed no food for 24 hours previous to treatment. 
For the work outlined in this paper, the same conditions were 
maintained as for the method of insulin assay of the Toronto 
workers. After 24 hours fasting, the control animals were killed 
with chloroform, the livers removed, and examined chemically 
for lipid materials. Table I gives the results obtained for normal 
rabbit liver lipids. 

Normal animals fasted for 24 hours previously were treated with 
insulin under the following conditions: (1) series of animals 
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injected with 3 units of insulin per day for 21 days; ordinary diet 
and no loss of appetite observed; (2) series of animals injected 
with 3 units of insulin; killed after 6 hours (after peak action had 
passed); no convulsions; (3) series of animals injected with 3 
units of insulin; killed during convulsions (peak of reaction); 
(4) series of animals injected with 8 units of insulin each day for 9 
days. These animals however were allowed as much food as they 
cared for. They were killed on the 9th day. No convulsions 
occurred; no loss of appetite was observed; (5) series of animals 
given orally phosphorus in olive cil; killed after 36 hours; liver 
and heart showed distinct signs of fatty degeneration changes. 

In each series the liver tissues were removed, extracted with 
alcohol in a manner previously described (7), and the lipid material 
examined quantitatively. The results for each series were then 
averaged and are given in this form in Table II. 


TABLE II. 
Lipid Material of Livers from Insulin-Treated Rabhits. 
2 3 4 | 5 
Tetel per cent... 1.16; 3.63 | 3.37 | 2.84| 2.64 
16.50 | 38.20 | 29.50 | 48.00 ; 3.58 
83.50 | 61.80 | 70.50 | 57.00 | 96.42 


From Tables I and II we can state the following: (a) that the 
equilibrium equation for normal rabbit liver tissue is 


phospholipid = neutral fat 
jo to 6) per cent 30 to 45 per cent 


(b) that the equilibrium equation for liver tissues of insulin-treated 
rabbits is 


phospholipid = neutral fat 
16 per cent 84 per cent down 
to norma!) to normal 


(c) that with identical unitage of insulin per kilo of body weight, 
the phospholipid-neutral fat relation is shifted to the mght more 
markedly when the animal is killed at the peak of insulin reaction 
than when killed several hours after peak reaction. This fact 
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is readily seen in Series 2 and 3 of Table II. In Series 3, killing 
the animals at the peak reaction gave a phospholipid-neutral fat 
ratio of 29.5 : 70.5. In Series 2, or considerably past the peak 
reaction, the ratio was 38.2 : 61.8; (d) that under prolonged 
insulin treatment as illustrated in Series 1, the total lipid content 
is sharply decreased; (e) that as pointed out previously (7) fatty 
degeneration caused by phosphorus poisoning (Series 5) alters the 
phospholipid-neutral fat ratio from the normal state to one of 
3.58 : 96.42. 
TABLE III. 
Iodine Values of Fatty Acids 0 Normal Rabbit Liver Lipids. 


Phospholipid fraction. per cont 
68.7 
Solid fatty material. 
84.5 
4-Bond acids in “ Trace. 
Liquid fatty material. 


We have been able to find few conclusive references with regard 
to the fate of liver lipids during insulin treatment. Insulin inves- 
tigation has been confined mainly to carbohydrate metabolism 
and little attention paid to the action of this drug upon body 
lipids. Macleod ((6) p. 81) points out that in depancreatized 
animals enlarged livers may result and the liver tissue may show an 
extreme degree of fatty deposition and cellular degeneration. 


Unsaturation of Fatty Acids in Lipids. 


It was of interest to study quantitatively the degree of unsatura- 
tion of the fatty acids that make up the lipids of norma] rabbit 
liver tissue. ‘This was done in order that a general comparison 
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might be made with the fatty acids of beef liver lipids. In order 
to obtain accurate data, it was necessary to have some twenty 
rabbit livers. ‘These livers in general weigh from 30 to 60 gm. 
each and usually contain 2 to 3 per cent of lipid material. After 
death the livers were quickly removed, passed through a meat 
chopper and then dehydrated with alcohol. The lipid material 
was extracted according to the well known method of Bloor (8), 
the various lipids separated, saponified, and the fatty acids 
obtained. Iodine values were made on the fraction, the mixed 
fatty acids, and on the liquid fatty acids. The percentage of 
4-bond acids was determined by brominating the ether solution 
of the liquid acids. The experimental data are given in Table III. 

Table III shows that the fatty acids of the extractable lipids 
of normal rabbit liver tissue are of about the same degree of 
unsaturation as those of beef liver lipids (1). It was pointed out 
in the case of beef liver lipids that the 4-bond acids were some 34.5 
per cent of the liquid fatty acids of the phospholipid fraction. In 
the rabbit liver lipids the 4-bond acids were 12.5 per cent of the 
liquid acids in the phospholipid fraction, a trace in the solid fatty 
material fraction, and 2.6 per cent in the liquid fatty material 
fraction. In all other respects, the fatty acids seem to parallel 
those of beef liver lipids, the iodine values being only slightly 
lower. 


CONCLUSION. 


The effect of insulin upon the lipid distribution of rabbit liver 
tissue has been investigated and the following changes were 
observed. Over a long period of time, insulin causes a decrease 
in the total lipid content of the liver. Over a very short period, 
the insulin causes a decided change in the phospholipid-neutral 
fat relation. If the animal is killed at the peak of the insulin 
action, we find less phospholipid in the liver tissue than if the 
animal is killed several hours past the peak reaction. 
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Attempts to obtain information concerning the nature of the 
structure of gossypol have been limited to the experiments of 
Carruth (1). This investigator studied the effects of alkali fusion 
and several oxidizing agents upon gossypol but did not succeed 
in obtaining any pure crystalline derivatives or other evidence of a 
clarifying character. 

One of the methods used in this laboratory for studying the 
nature of the gossypol molecule has been to investigate the effects 
of oxidizing reagents upon the substance. The results as a whole 
have been more or less discouraging, for with most reagents and 
methods tried either nothing at all or only amorphous or tarry 
products having no tendency to crystallize were obtained. With 
potassium permanganate, however, conditions were found which 
yielded certain products that have a significant bearing upon at 
least one phase of the problem. In these experiments gossypol 
dissolved in slightly more than 2 mols of sodium hydroxide was 
treated at 0° with potassium permanganate in the proportions of 
1 part of gossypol to 5 parts of permanganate. ‘The reaction was 
quite energetic and terminated in a short time. The manganese 
dioxide formed was removed by filtration, and the filtrate was 
made acid with sulfuric acid. In addition to the evolution of 
carbon dioxide there was evidence of the presence of volatile fatty 
acids in the reaction mixture. The solution was therefore steam- 
distilled, and the distillate was examined by the method of Dyer 


* This work was done under a research fellowship supported by the 
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(2) for fatty acids. From an examination of the distillation 
curve obtained it was possible to make certain deductions con- 
cerning the nature of the acid distillate. First, as the curve was 
not a straight line, more than one acid was present. Second, in 
the beginning the curve passed between the distillation curves of 
n-butyric and isobutyric acids which thus indicated the presence 
in the mixture of the latter. Third, as the curve crossed the dis- 
tillation curve of acetic acid, the presence of formic acid was shown, 
and finally, the slope of the curve strongly indicated the presence 
of acetic acid. These conclusions were verified by applying 
specific confirmatory tests and by preparing certain characteristic 
derivatives of the respective acids. It was further demonstrated 
that the acids mentioned were the only ones present. A quantita- 
tive estimation of the different acids was also made. 

The existence of formic acid under the conditions of the experi- 
ment may appear at first to be paradoxical; but when it is con- 
sidered that the potassium permanganate was not used in excess, 
it is evident that some of this acid could easily escape oxidation. 
It is believed, on the basis of certain experiments which will be 
reported in a subsequent communication, that the formic acid was 
derived from the carbonyl groups which have previously been 
shown to be present in gossypol (3). It would be unwise at this 
time to attribute the formation of acetic acid to any definite struc- 
ture in the original material, but the identification of isobutyric 
acid as a decomposition product seems to indicate conclusively 
that there is a side chain in the gossypol molecule involving at 


least the group (CH3)2—CH —C—. It is quite possible that this 


group is joined to the remainder of the molecule through a double 
bond and that the potassium permanganate functions here as it 
commonly does with double bonds resulting in a rupture of the 
chain with the formation of acids. This would indicate a certain 
amount of unsaturation in the compound. I[vidence is at hand to 
support this but at present the information available as to the 
extent of this property is not satisfactory. 

Besides the acids enumerated above, another product was se- 
cured by extracting with ether the residue obtained after removing 
the volatile fatty acids from the reaction mixture. This consisted 
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of a syrup showing little tendency to crystallize, although a few 
small crystals were formed. However, as the quantity of the 
product was quite small, there seemed to be little hope of accom- 
plishing much with it without the sacrifice of large quantities of 
starting material. For the present, therefore, its investigation 
will not be undertaken. 

With the information now at hand the knowledge of the struc- 
ture of gossypol may be indicated as follows: 


| 
(CH 3) »-—-CH— C— 


CoH 17 (CO) 
(OH) « 
EXPERIMENTAL. 


5 gm. of gossypol were dissolved in 200 ce. of water containing 
slightly more than 2 mols of sodium hydroxide. This was slowly 
treated with 25 gm. of potassium permanganate dissolved in 400 
ec. of water, both solutions having previously been cooled to 0°. 
The reaction was quite vigorous and apparently terminated in a 
short time. After the mixture was allowed to stand overnight, 
the manganese dioxide was filtered from the liquid and thoroughly 
washed with water. The filtrate and washings were then made 
acid to Congo red with sulfuric acid, which caused the evolution of 
carbon dioxide. ‘The volatile fatty acids were obtained from this 
acidified solution by steam distillation. The distillate collected 
required for neutralization 194 ce. of 0.1 N sodium hydroxide. 
The resulting solution was evaporated to approximately 100 ce. 
upon a steam bath, transferred to a distilling flask, acidified with 
slightly more than the calculated quantity of sulfuric acid to free 
the organic acids, and again steam-distilled. The first 400 cc. of 
distillate were collected separately and neutralized with sodium 
hydroxide. There were required for this purpose 107 ce. of 0.1 N 
alkali. The resulting solution of sodium salts was evaporated to 
dryness. The residue was transferred to a distilling flask with 
sufficient water to make a volume of 150 cce., acidified, and dis- 
tilled according to the method of Dyer (2) for the identification of 
volatile fatty acids. The results are recorded in Chart I. 
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As mentioned before, a study of the distillation curve thus 
obtained indicated that formic, acetic, and isobutyric acids were 
in the mixture. In order to verify these conclusions more material 
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Cuartrl, Distillation curve (according to the method of Dyer) of the 
volatile fatty acids obtained by alkaline permanganate oxidation of gossy- 
pol. The distillation curves of formic, acetic, n-butyric, and isobutyric 
acids are given for comparison. The abscissas represent the percentages 
of the total acids distilled (107 ec. of 0.1 N acid) which were found in definite 
fractions of the distillate, while the volumes in ec. of these fractions are 
represented by the ordinates. 


was prepared by working up 10 gm. of gossypol as outlined before. 
The sodium salts which resulted from neutralizing the distillate 
with sodium hydroxide were obtained by evaporating their solu- 
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tion to dryness on a steam bath. This material was dissolved in a 
small quantity of water, made acid to Congo red with sulfuric 
acid, and steam-distilled. The distillate was collected in 3 por- 
tions for the purpose of making a rough separation of the different 
acids. The first fraction contained rather large proportions of the 
isobutyric acid. ‘The second contained relatively large quantities 
of acetic acid, while the last fraction contained much formie acid. 
These fractions were separately neutralized with sodium hydroxide 
and evaporated to dryness. The sodium salts thus obtained were 
subjected to individual tests for the respective acids. 

Upon treating the sodium salts of the first fraction with sulfuric 
acid, the odor of isobutyric acid became very strong. The ethyl 
esters obtained by treating the sodium salts with aleohol and con- 
centrated sulfuric acid also had the characteristic odor of ethyl 
isobutyrate. The p-bromophenacyl esters of the acids were then 
prepared according to the directions of Judefind and Reid (4). 
The crude product was subjected to fractional crystallization, and 
in this way several fractions melting between 74-76° were obtained. 
These were united and recrystallized giving a substance which 
melted at 76° (uncorrected). When this was mixed with a pure 
sample of the isobutyl ester which melted at 76.5-76.8° no depres- 
sion of the melting point occurred; 7.e., the melting point of the 
mixture was 76.5°. The optical properties of the preparation were 
identically the same as those of a pure sample of isobutyl p-bromo- 
phenacyl ester. These data were determined by Mr. George L. 
Keenan of the Food, Drug and Insecticide Administration of the 
Department of Agriculture who reported as follows: ‘“The mate- 
rial consisted of thin, colorless, plate-like jagged rods some of which 
were six-sided. The most distinctive index of refraction was 
1.565 frequently shown lengthwise on the rods. ‘The other indices 
were not determined as the material was slightly soluble in oily 
immersion liquids.”’ 

For the identification of acetic acid, the sodium salts obtained 
from the second fraction were converted into the p-toluides by the 
method given by Mulliken (5). The material obtained was puri- 
fied by reerystallization from benzene. It melted at 148.5° 
(corrected), and no depression of the melting point occurred when 
the substance was mixed with a pure sample of aceto-p-toluide. 

Formic acid in the last fraction was identified by its capacity for 
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reducing potassium permanganate in the cold, mercuric chloride 
to mercurous chloride, silver nitrate to silver when warmed or upon 
standing, and also by applying the specific tests recommended by 
Mulliken ((5) p.83) for formic acid. These tests consisted of 
reducing mercuric oxide to mercury and decomposing formic acid 
with sulfuric acid with the evolution of carbon monoxide which 
was identified by its property of burning with a blue flame. 

To demonstrate the absence of other acids which might have 
been in the mixture, the neutralized distillate which resulted from 
the running of the distillation was fractionally precipitated with 
silver nitrate. ‘The first crop of silver salts obtained contained 
64.48 per cent of silver, showing that it was practically pure 
silver acetate (theory 64.64 per cent). If propionic, n-butyric, or 
other higher members of the fatty acid series had been present, 
these would have precipitated first, giving a fraction of silver salts 
with a lower silver content. 


Estimation of Fatty Acids. 


Another experiment was undertaken for the purpose of estimat- 
ing the quantity of each of the fatty acids in the reaction mixture. 
For this purpose 5 gm. of gossypol were treated as has been de- 
scribed, except that the distillation of the acidified mixture was 
continued until all the volatile fatty acids passed into the distillate. 
For neutralization of these acids 232 cc. of 0.1 N alkali were re- 
quired. The resulting solution of sodium salts was evaporated 
almost to dryness, diluted to 300 ec., and one-half of the liquid was 
transferred to a flask with a reflux condenser. Sulfuric acid was 
added to this in sufficient quantity to liberate the organic acids 
and then the acidified solution was boiled with an excess of pre- 
cipitated mercuric oxide until effervescence ceased, which indicated 
the complete destruction of formic acid. The resulting mixture 
was then cooled and transferred to a distilling flask. Sufficient 
sulfuric acid was added to dissolve all the unchanged mercuric 
oxide and to render the solution strongly acid. The acetic and 
isobutyric acids remaining in the mixture were then completely 
recovered by steam distillation, and titrated. The distillate 
required for neutralization 85.6 ec. of 0.1 N alkali; but as only one- 
half of the original acid mixture was thus treated, 171.2 cc. of 0.1 
N acid represented acetic and isobutyric acids obtained from 5 gm. 
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of gossypol. The difference between 232 and 171.2, or 60.8 ee. 
of 0.1 N acid, represented formic acid. ‘This is equivalent to 0.280 
gm. of the latter. : 

The neutralized distillate containing the acetic and isobutyric 
acids was evaporated, acidified, and distilled according to Dyer 
(2) in order to obtain the distillation constant of the mixture. 
This was found to be 56.3, and from this value the quantity of each 
component in the solution was calculated. ‘The results were acetic 
acid, 0.247 gm.; isobutyric acid, 0.391 gm. Thus the total acids 
formed by the oxidation of 5 gm. of gossypol were formic acid, 
0.280 gm.; acetic acid, 0.494 gm.; and isobutyrie acid, 0.782 gm. 
The yield cf isobutyrie acid corresponded to 92.1 per cent of that 
required by theory, if it is assumed that each mol of gossypol 
produced 1 mol of isobutyric acid. 


SUMMARY. 


1. Upon oxidation of gossypol with alkaline permanganate, 
formic, acetic, and isobutyric acids have been identified as reaction 
products. 

2. The quantities of the respective acids formed by the reaction 
were determined and in the case of isobutyric acid there was ob- 
tained 92.1 per cent of the amount required by theory if it is 
assumed that 1 mol of gossypol yielded 1 mol of acid. 

3. Under the conditions of the experiment the presence of iso- 
butyric acid as a decomposition product of gossypol indicates the 
presence in the gossypol molecule of a side chain consisting of at 
least the isobutyl group. 
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STUDIES IN THE SYNTHESIS OF HIPPURIC ACID IN THE 
ANIMAL ORGANISM. 


VII. A COMPARISON OF THE RATE OF ELIMINATION OF 
HIPPURIC ACID AFTER THE INGESTION OF SODIUM 
BENZOATE, BENZYL ALCOHOL, AND BENZYL 
ESTERS OF SUCCINIC ACID. 


By SAMUEL L. DIACK ann HOWARD B. LEWIS. 


(From the Laboratory of Physiological Chemistry, Medical School, University 
of Michigan, Ann Arbor.) 


(Received for publication, January 30, 1928.) 


The discovery of the antispasmodic action of benzyl alcohol 
and its esters has stimulated the study of the metabolism of 
substances of this type. Since the antispasmodic effect of the 
benzyl esters 1s due, according to some observers at least, to the 
action of the benzyl alcohol liberated by their hydrolysis, their 
relative efficiency as antispasmodics should be related directly 
to their relative rates of hydrolysis in the animal organism. 
Since benzyl alcohol has been known to be oxidized rapidly to 
benzoic acid in the animal organism, and the latter, after con- 
jugation, to be excreted, largely as hippuric acid, it seemed 
probable that the relative rates of hydrolysis of various benzyl 
derivatives of therapeutic interest could be determined by a 
comparative study of the rates of formation and elimination of 
hippurie acid after their administration. 

The following experiments have therefore been undertaken 
to study the rates of hydrolysis of two typical benzyl esters, 
dibenzyl succinate and sodium benzyl succinate, by determina- 
tions of the rates of excretion of hippuric acid following their 
ingestion by rabbits. As control experiments, benzyl alcohol 
and sodium benzoate have also been administered. Fach of 
these compounds represents a distinct stage in the metabolic 
path of the benzyl esters prior to their elimination as hippuric 
acid. Thus the benzoate after absorption requires only mo- 
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bilization (or synthesis) of glycine and conjugation before the 
elimination of hippuric acid. Benzyl alcohol must be oxidized 
to benzoic acid before hippuric acid synthesis, while hydrolysis 
of the esters must first occur, after which the oxidation of the 
benzyl alcohol and the conjugation of the resultant benzoic acid 
can be effected. 

In selecting for study the benzyl esters of succinic acid, we 
have been influenced not only by their therapeutic use, but also 
by the studies of the enzymatic hydrolysis of the esters of succinic 
and malonic acids 2m vitro. It has been shown (1) that the 
diethyl esters of these acids were readily hydrolyzed in vitro by 
the lipase of hog liver until an equilibrium was reached, which cor- 
responded to the removal of one ethyl group. The monoethy] 
ester of malonic acid and the potassium salt of this ester were not 
acted upon by liver lipase. Kastle (2) has also observed that 
the metallic salts of the monoethyl esters of the dicarboxylic 
acids, e.g. sodium ethyl succinate, were not split by the lipase 
of the liver. That this was not the case for the salts of the 
monoethyl esters of all the dicarboxylic acids was demonstrated 
by the easy cleavage of monoethyl adipate and sodium ethyl 
adipate by liver lipase (3). Howard (4), in his studies of the 
lipolytic activity of pancreatic extracts on dibenzyl succinate, 
concluded that this ester also was split in vitro only to the mono- 
benzyl ester. In view of these in vitro studies of the hydrolysis 
of esters of succinic acid by pancreatic and liver lipases, it has 
seemed of special interest to study the hydrolysis in vivo of the 
di- and monobenzyl esters of succinic acid as evidenced by the 
elimination of hippuric acid after their enteral administration. 


EXPERIMENTAL. 


Male rabbits of medium weight (2.0 to 3.0 kilos) were main- 
tained on a constant diet of 75 gm. of oats and 100 gm. of cab- 
bage throughout the entire experimental period. ‘The urine was 
collected in 24 hour periods or on the days when the substances, 
whose behavior was under study, were ingested, in two periods of 
6 and 18 hours each respectively. Urine was collected from the 
cage and from the bladder by gentle pressure on the abdominal 
wall. The substances fed were administered in solution through 
a stomach tube. Since dibenzyl succinate is not water-soluble, 
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it was fed as a suspension in water. In some of the later experi- 
ments, a better suspension was obtained by the use of gum acacia 
and a small amount of sodium taurocholate. The utilization of 
the ester was the same in each case. The amount of the benzyl 
derivatives fed was equivalent to approximately 450 mg. of ben- 
zoic acid per kilo of body weight, an amount of benzoic acid which 
can be administered to rabbits repeatedly without causing loss of 
appetite, diarrhea, or other toxic effects. A period of at least 3 
days elapsed between successive feedings of the compounds 
studied. 

It is evident that the main interest in these studies lay in the 
determination of the elimination of the benzoic acid formed by 
oxidation of the benzyl group. It would accordingly have seemed 
logical to use a method of analysis which should determine total 
benzoic acid, as, for example, the well known method of Folin and 
Flanders (5), in which, after hydrolysis with alkali, other organic 
material is oxidized by nitric acid and copper nitrate and the 
benzoic acid is extracted with chloroform and titrated. Control 
experiments (unpublished) by Horst, Scott, and one of us (L.) 
showed that in this method as applied to fluids containing benzyl 
alcohol or esters, a small but significant amount of benzoic acid 
was formed by the oxidizing action of the reagents used. We 
have therefore determined hippuric acid by the extraction method 
of Griffith (6). Since, in this method, hippuric acid is calculated 
from the nitrogen content of the ether extract, after removal of 
traces of urea, it is evident that benzyl esters or alcohol, which 
contain no nitrogen, cannot interfere, even if present and extracted 
by the ether. The objection might be raised that other forms of 
conjugated benzoic acid or free benzoic acid might also be present 
in the urine and that our results therefore would not include all 
the benzoic acid formed and eliminated. However, as has been 
shown by Griffith (6) and confirmed in this laboratory (un- 
published), if rabbits are fed glycine with moderate doses of sodium 
benzoate, the amount of benzoic acid eliminated in the urine 
other than that conjugated as hippuric acid is very slight. This 
ready synthesis of hippuric acid has led us to choose rabbits as our 
experimental animals and to feed with the benzyl derivatives or 
sodium benzoate an amount of glycine equivalent to 3 times the 
amount of benzoic acid theoretically obtainable from the sub- 
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stance fed. We believe, therefore, that under the experimental 
conditions stated (moderate doses of benzoic acid or its equivalent 
and ingestion of 3 equivalents of glycine) the hippuric acid elimina- 
tion is a fair measure of the benzoic acid formed and eliminated. 


TABLE I. 
> Extra benzoic acid 
ed excreted (2s hippuric 
i- reentage oft ingeste 
Compound fed. ment No. benzoic acid. 
acid per 
kilo of body 6hr. | 18hr. | 24 hr. 
weight, period. | period. | period. 
mg 

Rabbit D; Benzyl! alcohol. 448 Dill | 65.0) 3.1) 68.1 
weight 2.00 450 D 15 | 72.0} 5.3} 77.3 
kilos. 

Sodium benzyl 450 D 23 | 43.6} 2.2 | 45.8 
succinate. 450 D29 | 38.7 1.2 | 39.9 
450 D 33 | 34.4) 5.7 | 40.1 

Dibenzyl suceinate.| 450 D 45 | 16.7 | 37.2 | 53.9 
460 D 54 | 18.6 | 22.9 | 41.5 

Sodium benzoate. 471 D 19 | 75.1 1.7 | 76.8 
450 D 37 | 56.9 | 4.4 | 61.3 

450 D 58 | 59.2} 1.8 | 61.0 

Rabbit E; Benzyl alcohol. 450 E11 ; 51.8; 0.0; 51.8 
weight 2.25 450 E15 | 65.0; 6.3 | 71.3 
kilos. 

Rabbit F; Sodium benzyl 450 P25 | 39.0 | 11.4 | 50.4 
weight 2.8 | succinate. 410 ¥ 29 | 38.3] 5.0 | 43.3 
kilos. 410 F 33 | 46.3] 0.0 | 46.3 

Dibenzyl succinate.| 450 F 41 | 12.9 | 39.3 | 52.2 
450 ¥ 45 | 35.1 | 36.0 | 71.1 
450 I’ 54 | 28.2 | 43.4 | 71.6 
Sodium benzoate. 450 F 37 | 69.0 | 15.3 | 84.3 
466 Fk 58 | 70.0 | 15.1 | 85.1 

DISCUSSION. 


The results of typical experiments with three rabbits are pre- 
sented in Table I together with a summary of the average results 


of all the experiments in Table II. 


The “extra” benzoic acid 
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eliminated (as hippuric acid) in each period is calculated in terms 
of the theoretical amount derived from the weight of the substance 
administered. In calculating the extra benzoic acid elimination, 
the average amount of benzoic acid (as hippuric acid) excreted 
on the normal days has been deducted from the values obtained 
on the experimental days. This normal elimination has been 
relatively constant for each animal and has usually amounted to 
somewhat less than 100 mg. in 24 hours under the dietary condi- 
tions of our series. 

In harmony with previous observations (6, 7), after the inges- 
tion of sodium benzoate, the maximal excretion of hippurie acid 


TABLE II. 
Summary of All Experiments. 


Average amount of extra benzoic acid excreted (as hippuric acid) ex- 
pressed as percentage of the amount of benzoic acid theoretically obtain- 
able from the substances administered. 


Total No Elimination. 
Compound fed. of experi- 
ments. 6 hr. Shr. | 24hr. 
period. period. period. 
per cent per cent per cent 
Bedium 13 | 69.5 9.5 79.0 
“benzyl succinate........... 12 38.8 6.3 45.1 
Dibenzyl succinate................ 8 24.3 06.6 60.9 
6 65.7 7.1 72.8 


was found to oceur within 6 hours after feeding, an average of 
slightly over 69 per cent of the amount fed being present in the 
urine secreted during that period. After the ingestion of benzyl 
alcohol, the excretion of hippuric acid was likewise very rapid, 
the average amount excreted in the first 6 hours being only slightly 
less than that exereted after benzoate ingestion (65.7 per cent). 
This is in accord with the observations of Snapper and coworkers 
(8), who concluded that in man the oxidation of the benzyl] alcohol 
occurred so rapidly that the rate of elimination of hippuric acid 
was essentially the same, whether sodium benzoate or benzyl 
aleohol was fed. Our results would lead us to a similar conclusion: 
namely, that in the rabbit the velocity of oxidation of benzyl 
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alcohol is at least as great as the velocity of hippuric acid synthesis 
and excretion. 

The behavior of the two esters was markedly different. Since 
the dibenzyl ester is not water-soluble, it might have been antic- 
ipated that hydrolysis in the intestine would be slower and that 
greater loss through the feces would occur, than in the case of the 
sodium benzyl succinate which is soluble. It was noted that 
although the excretion of hippuric acid in the urine in the 6 hours 
tmmediately following feeding was always greater with the salt of 
the monobenzyl ester than with the dibenzyl ester, the total 
recovery as hippuric acid in the 24 hour period was always less. The 
elimination as hippuric acid after oral administration of dibenzy]l 
succinate, although delayed so that maximal excretion occurred 
later than during the first 6 hour period, was more complete, the 
total recovery as hippuric acid averaging about 61 per cent as 
compared with 45 per cent after the ingestion of the sodium benzyl 
succinate. 

These results indicate that the findings of the 7n vitro experi- 
ments concerned with the hydrolysis of the esters of succinic acid 
by lipase (2, 4) do not hold in the living animal. If lipase were 
unable to hydrolyze salts of acid esters or the acid esters them- 
selves, then no increases in the elimination of hippuric acid should 
have been observed after the ingestion of sodium benzyl] succinate. 
If the cleavage of the esters of the dicarboxylic acids reaches an 
equilibrium when one of the carboxyl groups has been liberated, 
then the elimination of hippuric acid after the administration of 
dibenzyl succinate should correspond to less than 50 per cent of 
the benzoic acid, which could be derived from the benzyl groups of 
the ester. The more rapid excretion of hippuric acid after the 
administration of the soluble monobenzyl ester (corresvonding to 
a more rapid hydrolysis and absorption) might have been antici- 
pated, but no explanation is evident for the very low total recovery 
in the 24 hour period. Since benzyl aleohol has been shown by 
Snapper and coworkers (8) and in our own experiments to be 
oxidized rapidly to benzoic acid and excreted as hippuric acid, it 
is logical to believe that the results obtained with the esters are 
due to differences in the rate of hydrolysis and absorption from 
the intestine. 
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SUMMARY. 


1. After the oral administration of benzyl aleohol to rabbits, the 
velocity of hippuric acid excretion by the kidneys was only 
slightly less than that obtained after the feeding of sodium ben- 
zoate. This indicates that the oxidation of benzyl alcohol to 
benzoic acid is very rapid, being at least as rapid as the rate of 
synthesis and elimination of hippuric acid. 

2. After oral administration of the sodium salt of monobenzyl 
succinate, more hippuric aeid was eliminated in the 6 hour period 
immediately following the feeding than after oral administration 
of the dibenzy! ester of succinic acid, but the total amount recov- 
ered as hippuric acid in the entire 24 hour period was less than 
after feeding the dibenzyl ester. 

&. These results indicate a hydrolysis of the monobenzy] ester of 
succinic acid 7n vivo, which is contrary to what might have been 
anticipated from studies of enzymatic hydrolysis 7n vitro (2-4). 
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THE OCCURRENCE OF LABILE PHOSPHORUS IN VARI- 
OUS KINDS OF MUSCLES. 


By LAURENCE IRVING anp PHILLIP H. WELLS. 
(From the Department of Physiology, Stanford University, California.) 


(Received for publication, December 19, 1927.) 


Since Iingelmann’s (1871) demonstration of increased phos- 
phorus excretion in urine secreted during muscular exercise, 
there have been many attempts to show that the increase origi- 
nated in the muscles. Muscle phosphorus compounds remain 
obscure, and it has only been during the last 10 years that the 
inorganic phosphorus of tissues could be conveniently determined. 

During this period, tissue inorganic phosphorus has been deter- 
mined in the extracts from acid protein precipitation, as for ex- 
ample trichloroacetic acid and the hydrochlorie acid-bichloride 
mixtures. In such acid extracts from muscle, phosphorus was 
found which reacted with reagents for inorganic phosphorus. The 
study of this acid-soluble inorganic phosphorus fraction has been 
made particularly significant by Kmbden’s lactacidogen theory, 
which assigned to phosphorus and lactie acid in muscle a common 
mother substance. 

Although much effort has been expended to connect the facts 
of inorganic phosphorus and lactic acid metabolism in muscle, 
it is not easy to find positive evidence of the relation. The acid- 
soluble inorganic phosphorus is evidently a characteristic quantity 
for various types of muscles, and there is variation under some 
physiological conditions, but not uniformly in those where lactic 
acid is being rapidly produced. 

That the conventional acid-soluble inorganic phosphorus does 
not represent the amount present in living muscle, was first 
announced by Eggleton and Eggleton (1927, a). When a modi- 
fication of the Bell-Doisy method of phosphorus determination 
was used, the color development in ice-cold trichloroacetic acid 
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filtrate from frog muscle was much slower than in the standard 
prepared simultaneously. By comparison of the rate of color 
development in standard and muscle extract it appeared that the 
initial inorganic phosphorus of frog striated muscle was only 
about 30 per cent of the ordinary value given by acid extraction at 
room temperature. This minimum, estimated from the curves 
by extrapolation to zero time, was greatly increased by fatigue so 
that one could believe that muscle exhaustion caused depletion of 
the labile phosphorus. A muscle in rigor had likewise lost its 
labile phosphorus, so that evidently the amount of labile com- 
pound is also related to the physiological condition of the muscle. 

Recently, and apparently independently, Fiske and Subbarow 
(1927), presented a preliminary report on the results of similar 
findings in mammalian muscle. They used a colorimetric method 
of determination previously developed by them (1925) in which 
the color development is very rapid. Consequently, the estima- 
tion of such a labile compound is facilitated. The preliminary 
statement designates the labile phosphorus as phosphocreatine. 
Meyerhof (1927) reports also in a preliminary paper, the isola- 
tion of Fiske and Subbarow’s phosphocreatine and conveniently 
incorporates its breakdown with the anaerobic energy-giving 
reactions in muscle. 

If the final conclusions substantiate the indications of Fiske 
and Subbarow’s preliminary statement, a new aspect of the part 
of inorganic phosphates in muscle metabolism is revealed. While 
Eggleton and Eggleton (1927, b) associate the appearance of labile 
phosphorus with decomposition of a phosphate carbohydrate, 
Fiske and Subbarow attribute its appearance to decomposition 
of a creatine compound. No reconciliation of these two views 
appears possible, and the first conflicts with the facts supporting 
Embden’s lactacidogen theory. 

The conventional method of acid extraction at room tempera- 
ture does yield a phosphorus fraction having a normal value and 
capable of reproducible variation under certain experimental 
conditions. The entire evidence for the part of phosphorus in 
intermediary carbohydrate metabolism comes from a number of 
sources (yeast, blood, etc.) besides muscle, and is derived from data 
obtained by the old method of acid extraction at room tempera- 
ture. Consequently, the value of the evidence for the conclu- 
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sions would be invalidated if, as Eggleton and Eggleton (1927, b) 
believe, the source of labile phosphorus is a hexose monophosphate. 

The acid-soluble inorganic phosphorus, as conventionally de- 
termined, is evidently the sum of the amount present in natural 
muscle and the labile phosphorus set free in acid at room tempera- 
ture. It would seem strange if this variable system could furnish 
the basic evidence regarding another system so different as that 
postulated in the lactacidogen theory, but still possible if the sum 
of labile phosphorus and inorganic phosphorus is a definite 
quantity. This point has been reexamined and the results pre- 
sented show that the probable phosphorus-carbohydrate relations 
are indicated by a different set of data from that which char- 
acterizes the labile phosphorus. 

If the labile phosphorus originates in a phosphorus-creatine 
compound, its absence or deficiency would be expected in creatine- 
poor muscles. From the analytical data compiled by Hunter 
(1922) the creatine content of smooth muscle is from one-fifth 
to one-tenth as much as in the striated muscle of the same anim.-'s. 
These small creatine values have, furthermore, not been confirmed 
by isolation of creatine itself, so that there is room for skepticism 
as to their accuracy. But in phosphorus content smooth muscles 
are also lower than striated muscles in about the same ratio as 
the creatine values reported. Otherwise the work of Evans (1925) 
suggests that the essential carbohydrate transformations are 
similar in smooth and striated muscle, at least in so far as the 
utilization of glycogen and production of lactic acid serve as 
indicators. 

In view of the interest of the facts observed, and their implica- 
tions, striated muscle, heart muscle, and smooth muscle from a 
number of sources were examined. In the muscles examined the 
labile phosphorus was easily demonstrable in the striated muscle 
of mammals and turtles only. Bird muscle was not examined, 
and Eggleton and Eggleton had shown the labile compound in 
frogs. In seven quite different species of fish labile phosphorus 
was not demonstrated, nor was it present in insect striated muscle. 
Heart muscle and smooth muscle of vertebrates and inverte- 
brates likewise gave no positive indication of the labile compound. 

For determinations the procedure of Fiske and Subbarow 
(1925) was followed; the muscle was extracted (previously pow- 
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dered in liquid air) in ice-cold 8 per cent trichloroacetic acid— 
normally for 2 hours. Under the conditions observed the extrac- 
tion for only a few minutes, reported satisfactory by Eggleton and 
Eggleton (1927, a) was not found adequate. No decrease of the 
labile compound occurred even after 5 hours at ice temperature. 

In view of the suggestion that neutralization prevented de- 
composition of the compound, several neutral or alkaline protein 
precipitants were tried, but without success. The alkaline zine 
hydroxide protein precipitant used in the Hagedorn-Jensen blood 
sugar method extracted no phosphorus whatsoever, and sodium 
tungstate reacted with the reagents for the phosphate determina- 
tion. 

Samples from the ice-cold filtrate were mixed with the reagents 
for Fiske and Subbarow’s colorimetric method of determination 


TABLE I. 
Results of Colorimetric and Gravimetric Phosphorus Determination. 
Phosphorus as mg. per gm. 


Guinea pig 1. Guinea pig 2. 
Extraction time, Ars................ 4 1 3 6 20* | 20* 3 a 3 1 
Colorimetric................ 0.70/0.91/0. 94/0. 83/0. 88/0. 91/0. 62/0. 77/0. 77|0. 85 
0.73)0.91]0. 95/0. 91)0. 95/0. 64/0. 79}0. 75)0.91 


* Extraction by Schenck method. 


and compared with standards having fully developed color. In 
this procedure the difference between the phosphorus concentra- 
tion of unknown and standard includes a discrepancy due to the 
time necessary for color development even with Fiske and Sub- 
barow’s highly sensitive reagent. This fact, combined with the 
steeply rising character of the curve of phosphorus concentration 
against time during the first few minutes, and the rapidity with 
which the colorimetric matchings must be made, make the early 
position of the curve unreliable. To confirm this view a number 
of curves were made from observations on the phosphorus of 
muscle extracts which had been subsequently kept for 24 hours 
at room temperature. The difference between the curves for 
development of color in the ice-cold filtrates and those kept fora 


8 
48 
4 
li 


real | 


L. Irving and P. H. Wells 101 


day at room temperature represents the amount of labile phos- 
phorus. 

Some colorimetric determinations were made with a Duboscq 
type colorimeter. The majority and most satisfactory were with 
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Fic. 1. Guinea pig gastrocnemius muscle extracted 3 hours in ice-cold 
8 per cent CC1,;COOH. Curve 1, immediate; Curve 2, 24 hours; Curve 3, 
48 hours; Curve 4, 72 hours. 


a Leitz-Buerker colorimeter, in which the light passes through 
the same depth of standard and unknown solutions for each cy- 
linder. 
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The results in Table I indicate the general reliability of the 
methods used. Evidently a maximum or, at least, a constant 
extract is secured in from 1 to 20 hours, but less than 1 hour is 
insufficient for the method. 


Mammalian Muscle. 


The labile phosphorus was easily demonstrated in one experi- 
ment on the gracilis muscle of a resting cat and in the hind leg 
muscles of the rat and of ten resting guinea pigs. In Fig. 1 typi- 
cal curves are shown for the phosphorus (calculated as mg. of P 
per gm. of muscle) in guinea pig hind leg muscle. Curve 1 shows 
the increase in phosphorus concentration of the fresh muscle 
extract, in the colorimeter, with time. Curve 2 shows the re- 
sults of similar determinations after the extract had stood for 24 
hours at room temperature. Curves 3 and 4 indicate determi- 
nations on the same filtrate after 48 and 72 hours respectively. 

The difference between the curves for muscles examined while 
the extract was still ice-cold and the curves for muscle extracts 
kept at room temperature is plain. It becomes more distinct in 
terms of per cent of full color reached at each time, as shown in 
Fig. 2. There is no significant difference between Curves 2, 3, and 
4 by these methods of representation, and the type of Curve 1 
shows the characteristic slope where labile phosphorus is present. 

From the experiments made it would be indicated that the 
average minimum phosphorus of resting guinea pig muscle was 
about 40 per cent of the usual ‘acid-soluble fraction, or that the 
labile part decomposed by acid amounted to 14 times the amount 
already present. The absolute minimum is hard to determine, 
because the slope of the curve is steep and the error introduced 
by the observer in the first few hasty colorimetric readings may 
be quite large. All of the indications suggest that the actual 
minimum for inorganic phosphorus in the resting muscles is prob- 
ably less than 40 per cent of the acid-soluble fraction. 

In the single case of rat muscle examined the minimum value 
was 0.35 mg. of P per gm. of muscle, with a maximum of 0.80. 
The single cat gracilis muscle examined had a minimum of 0.25 
and the unusually low maximum, for these animals, of 0.75. 

Muscles from about the pectoral girdle of the turtle had 0.40 
and 0.25 as minima, and 0.78 and 0.64 as maxima, indicating about 
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Per cent of full color. 
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50 per cent as labile phosphorus in each case. These values may 
not represent the minimum attainable because of delay and in- 
jury incidental to the removal of the shell. It is significant 
principally that the proportion of labile phosphorus is quite simi- 
lar in turtles and mammals. In two of the series of guinea pig 
muscles (Table II) examined the amount of labile phosphorus 
extracted in different times was considered. While, on account 
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Fic. 2. Guinea pig gastrocnemius muscle extracted 3 hours in ice-cold 
8 per cent CCl;COOH. Per cent of maximum P. Curve 1, immediate; 
Curve 2, 24 hours; Curve 3, 48 hours; Curve 4, 72 hours. 


of the uncertainties of the method mentioned, there is consider- 
able variation in the minimum, still the per cent found as labile 
phosphorus is not perceptibly different for short as compared with 
long extraction. Unless this results from decomposition during 
preparation and determination, it is indicated that the velocity 
of extraction is the same for both labile phosphorus and preexisting 
Inorganic phosphorus. 
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Fish Muscle. 


Tish muscle was first examined from two salt water fish, the 
midshipman (Portchthys notatus) and the hagfish (Bdellostoma 


TABLE II. 
Amount of Labile and Inorganic Phosphorus in Guinea Pig Muscle afier 
Different Periods of Extraction. 


Phosphorus as mg. per gm. 


pig — Minimum. Maximum. 
per cent 
C VII 30 min. 25 64 Go 
1 hr 25 80 68 
3 hrs 35 80 ” 
27 66 60 
Iv 5 min. 22 58 
15 “ 30 60 50 
30. 25 60 
1 hr 25 65 62 
4 hrs 32 72 56 


TABLE III. 
Phosphorus Content of Fish Muscle. 
Phosphorus as mg. per gm. 


Differ- | Time 
_ Jencein| for 

Source. mum, | mum. ing, 

maxil- maxi- 

mum. mum 

min 
1.37 | 1.45 6 6 
Catfish, Ameiurus nebulosus....................] 0.81 | 0.91] 11 12 
Black bass, Micropterus salmovdes.............. 1.335} 1.50] 11 7 
Brook trout, Salvelinus fontinalis.............. 0.99} 1.18 | 16 11 
Midshipman, Porichthys notatus................ 0.81] 1.02] 21 7 
Hagfish, Bdellostoma stout?............0...0.... 0.92 | 1.01 9 7 


stoutz). If any labile phosphorus is present, it is only in insignifi- 
cant amounts, in comparison with that of mammals. These fish 
had been living apparently normally for some time in aquaria, 
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but it was possible that they were still abnormal. Fresh goldfish 
muscle was, therefore, examined, but again without positively 
showing any labile phosphorus. As there was still a chance thut 
transportation might have injured the goldfish, we secured, by | 
the kind assistance of Dr. Evermann and Mr. Seale, four other .— 
kinds of fish from the Steinhart aquarium, San Francisco. The 
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Fia. 3. Goldfish side muscle extracted 2 hours, 45 minutes in ice-cold 8 
per cent CCl;COOH. Curve 1, immediate; Curve 2, 24 hours later; A, per 
cent of maximum P. 


fish were quickly removed from their tanks, killed, and pieces 
were cut from the side muscle and placed in liquid air. In this 
frozen condition the muscles were then transported to the labora- 
tory for the actual determinations. None showed definitely any 
labile phosphorus. 

These different fish included five fresh water and two salt water 
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species, quite distinct and representing a wide range of type in 
structure and habit. The figures in Table III show in each case 
that the minimum value, compared with the standard, is slightly 
low initially. Fig. 3 shows how the curve for fresh extract com- 
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iia. 4. Muscles of twenty-five grasshoppers’ legs extracted 2 hours, 45 
minutes in ice-cold 8 per cent CCl;COOH. Curve 1, immediate; Curve 2, 
48 hours later; A, per cent of maximum P. 


pares with that for old extract. There is a small difference be- 
tween the two such as might arise from the presence of labile 
phosphorus. But the possible amount would hardly equal 10 
per cent of the acid-soluble inorganic phosphorus, and the maxi- 
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mum for the curve is reached in less than 10 minutes, while for 
mammalian muscle the maximum is not reached before 20 minutes. 
On account of the uncertainty of results in the steep part of the 
curve, it is safest to conclude that the labile phosphorus is not 
proved to exist in fish muscles, and that they are essentially 
different in this respect from the muscles of the other vertebrates. 

The creatine content of fish muscle generally is quite of the 
same order as that of mammalian skeletal muscle (Hunter, 1922), 
so that if the phosphocreatine is characteristic of mammalian 
muscle the constituents, at least, are present in fish. But fish 
muscle is also different in the slowness of its postmortal glycogen 
decomposition compared with mammalian muscle (Macleod and 
Simpson, 1927), so that the similarity of fish to other vertebrate 
muscle may not be very close. It is unfortunate that no trials 
of elasmobranch muscle could be made, for Hunter (1922) remarks 
that the meager data on their creatine-creatinine excretion show 
that, like mammals, they excrete principally creatinine, while the 
teleosts are like birds in excreting principally creatine. 


Inveriebrate Striated Muscle. 


If labile phosphorus is generally associated with rapid contrac- 
tion, it might be expected to be present, particularly in the striated 
muscles of insects. The leg muscles from twenty-five grasshoppers 
were, however, like fish muscle in not showing the certain presence 
of labile phosphorus (see Fig. 4). The labile compound, if present 
at all, is insignificant in amount compared with that of mammals. 


Invertebrate Muscle. 


The same condition appears in the muscles of the crab’s chela, 
which showed no positive indication of labile phosphorus. 

The pallial muscle of the large clam, Schizothaerus nuttallii, was 
examined, and in Fig. 5 are shown results of several determinations 
of phosphorus fractions. 

The lowest curve shows a small inorganic phosphorus content 
immediately in cold trichloroacetic acid extract. There is no 
perceptible increase with time in the colorimeter so that the 
absence of truly labile phosphorus is certain. 

The next curves show that the Schenck method of extraction 
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gives results agreeing with those on the day old trichloroacetic 
acid extract. These colorimetric determinations were confirmed 
by Embden’s (1921) gravimetric method. No labile phosphorus, 
according to its definition, would be expected in the day old ex- 
tracts, but the amounts are significantly greater than those derived 
from cold extract. Consequently there has been some decomposi- 
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Kia. 5. Pallial muscle of Schizothaerus nuttallii. Curves 1, clam muscle 
extracted 2 hours in ice-cold 8 per cent CCI],;COOH. The lower Curve 1 
represents determination by the colorimetric method immediately; the 
upper Curve 1, determination by the same method 24 hours later. 
Curves 2, clam muscle extracted 15 hours in acid HgCl. solution 
(Schenck). The lower Curve 2 represents determination by the colori- 
metric method; the upper Curve 2, determination by the gravimetric 
method. Curves 3, clam muscle digested 2 hours in 2 per cent NaHCO; 
solution (Schenck). The lower Curve 3 represents determination by the 
gravimetric method; the upper Curve 3, by the colorimetric method. 


tion of organic phosphates in the extract. The decomposition 
occurred exclusively in the extract because the trichloroacetic 
extract which had remained only 2 hours in contact with the 
muscle was used in one case and gave results practically agree- 
ing with the Schenck extract, which had been for 15 hours in con- 
tact with the muscle. 
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Not all of the organic phosphorus was released in the acid ex- 
traction, because incubation of the muscle at 40° for 2 hours in 2 
per cent sodium bicarbonate caused a considerable increase in 
inorganic phosphorus. This last method, following Embden’s 
directions, gives by its excess over the acid-soluble inor- 
ganic phosphorus the magnitude of the lactacidogen content. 
Judged from the figures, there is an appreciable lactacidogen 
content. If not absolutely, at least by comparison with the 


TABLE IV. 
Phosphorus Content of Smooth Muscle. 
Phosphorus as mg. per gm. 


Time for 
Source. Minimum. | Maximum.' reaching 
maximum. 
min, 
Bladder. 
Intestine. 
Uterus, virgin. 
0.14 0.15 8 


amount of inorganic phosphorus originally present, this is similar 
to the lactacidogen content of vertebrate striated muscle. There 
is, however, the difficulty of determining which acid extract to 
take as the initial value. But in either case, the clam smooth 
muscle is similar to vertebrate striated muscle in having an ap- 
preciable amount of inorganic phosphorus released by incubation 
with bicarbonate. In lacking the true labile phosphorus it differs. 
Evidently the labile phosphorus is not the sole source of muscle 
inorganic phosphorus. 
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Smooth Muscle of Vertebrates. 


The examination of smooth muscle from the organs of several 
vertebrates did not positively show any labile phosphorus present. 
(This fact has been announced by Eggleton and Eggleton (1927, b) 
and was first noticed since our work was completed.) In the 
results quoted in Table IV are given the minimum and maximum 
of phosphorus values observed. It is evident that muscle from 
the intestine of rabbits, rats, and turtles, and from the virgin 
uterus of the guinea pig and rat possesses no labile phosphorus. 
Iixtracts from bladder muscle of the guinea pig and turtle show a 
change in the colorimeter so that they may contain a small amount 
of labile phosphorus. Otherwise, the inorganic phosphorus of 


TABLE V. 
Phosphorus Content of Heart Muscle. 
Phosphorus as mg. per gm. 


Time for 

Source. Minimum. | Maximum. reaching 

maximum. 

min, 

0.40 0.44 9 
0.41 0.43 10 


bladder muscle is similar in amount to that found in other smooth 
muscle. 

Smooth muscle generally contains lactacidogen as determined 
by increased inorganic phosphorus after incubation (Evans, 1925), 
although in small amounts only. Its acid-soluble inorganic 
phosphorus as shown in Table IV, is only about } that found in 
skeletal muscle generally. More significant in the light of Fiske 
and Subbarow’s work is the relation between the lack of labile 
phosphorus and the lack of creatine. According to Hunter (1922) 
one may be quite skeptical as to the actual presence of creatine in 
smooth muscle, although it has been reported often, for the re- 
ports are not based upon actual isolation of the substance. Riesser 
(1922) believed that he could establish a relation between the 
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creatine content and lactacidogen of muscles, showing that heart 
muscle contained only small amounts of each, while uterus muscle 
contained even less. The parallelism appears in his figures, but 
it does not suggest that the lactacidogen and labile phosphorus 
are identical, although they may well concern each other. 


Heart Muscle. 


In heart muscle we can hardly agree with Eggleton and Eggleton 
(1927, b) in finding the labile phosphorus equal to } of that usually 
present in skeletal muscle. Table V shows aslight gradual increase 
in color when compared with a fully developed standard. This 
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Fic. 6. Two guinea pig hearts extracted 3 hours, 45 minutes in ice-cold 
8 per cent CCIl;COOH. Curve 1, immediate; Curve 2, 24 hours later; A, 
per cent of maximum P. 


increase is so small as to be of uncertain significance in comparison 
with the slight delay in color development even in the standard. 
A comparison of the curve for a still cold extract and one kept for 
24 hours at room temperature (Fig. 6) shows a slight lag for the 
fresh preparation, but no significant difference. The necessary 
conclusion appears to be that the labile phosphorus, defined as it 
is by rapid increase in phosphorus in acid solution, is lacking in 
heart muscle. 
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DISCUSSION. 


The nature of the origin of labile phosphorus in muscle has not 
yet been established and we have only preliminary reports to 
indicate the nature of its precursor. Judged by the definition as 
a substance yielding acid-soluble inorganic phosphorus in acid 
solution, it is undoubtedly present in the skeletal muscle of verte- 
brates except fish. It is distinctly different from Mmbden’s 
lactacidogen, in that by definition the latter yields acid-soluble 
inorganic phosphorus in weakly alkaline solutions. Furthermore, 
in acid solution the labile phosphorus is practically completely 
decomposed within a half hour, after which time the acid-soluble 
inorganic phosphorus content of the extract remains constant for 
about a day before showing further increase. 

The name “phosphagen”’ suggested by Eggleton and Isggleton 
(1927, a) and adopted by Meyerhof (1927) is, therefore, a con- 
tradiction of the facts, because the labile phosphorus indicated is 
only one source of inorganic phosphorus in muscle. 

Whether or not the labile phosphorus exists in the muscle before 
the process of extraction, it has definite physiological significance 
because of its regular variation under different physiological 
conditions. 

Although the labile phosphorus as found in mammalian skeletal 
muscle is lacking in fish and insect striated muscle. in invertebrate 
muscle, smooth muscle of vertebrates, and in heart muscle, its 
function may be assumed by similar substances which are not, 
however, preserved by the methods of study. Consequently, 
we can only deny its presence in the strict terms of the original 
definition. Until the definitive announcements of the nature of 
labile phosphorus present their evidence, the suggested importance 
of their function should not be clouded by rash speculation. 


CONCLUSIONS. 


Labile phosphorus is easily demonstrated in skeletal muscle of 
mammals according to the methods defined by its discoverers. 

It is distinct from Embden’s lactacidogen both by deiinition of 
the conditions for determination and by the facts of its appearance. 
Lactacidogen occurs in smooth muscles entirely lacking labile 
phosphorus. 
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Labile phosphorus could not be demonstrated in fish striated 
muscle, grasshopper striated muscle, smooth muscle generally of 
vertebrates and invertebrates, and heart muscle. If possibly 
present in any of these muscles, its amount is of quite a different 
order from that in mammalian skeletal muscle. 

The occurrence and lack of labile phosphorus follow, in some 
respects, the occurrence of creatine, a natural consequence if Fiske 
and Subbarow’s announcement of the labile compound as a phos- 
phocreatine is substantiated. 
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STUDIES ON THE EFFECT OF TEMPERATURE ON THE 
CATALASE REACTION. 


VI. HEAT INACTIVATION OF CATALASE AT DIFFERENT 
HYDROGEN ION CONCENTRATIONS. 


By SERGIUS MORGULIS anp M. BEBER. 


(From the Department of Biochemistry, College of Medicine, University of 
Nebraska, Omaha.) 


(Received for publication, February 14, 1928.) 


In a previous paper (1) we. presented preliminary data on the 
inactivation of catalase at different temperatures. This study 
has been extended to determine the effect of variations in H ion 
concentration on the rate and degree of inactivation by heat, the 
results of which are now reported. 


Methods. 


The method of experimentation in the present investigation 
has been improved in several essential points as compared to the 
original procedure. ‘To avoid the undeterminable loss of activity 
incident to the warming of the enzyme solution to the desired 
temperature, a definite amount of a buffer mixture of known pH 
was heated to about 2° above the desired temperature. A 
measured quantity of enzyme was then introduced, this quantity 
being selected to give the proper enzyme concentration in the 
mixture. The addition of the enzyme solution at the same time 
cooled the buffer-enzyme mixture, reducing its temperature prac- 
tically to the desired level. By preliminary tests experience was 
gained whereby the adjustment of the final temperature upon 
addition of the enzyme to the buffer has been successful to within 
0.1-0.2° of the temperature aimed at. The temperature of the 
mixture was measured with a Bureau of Standards thermometer 
inserted in the flask. A sample of the buffer-enzyme mixture 
was measured out at once, serving for the 0 time determination. 
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With practice, these several operations were carried out very 
rapidly, practically within very few seconds. ‘The buffer-enzyme 
mixture was now placed in a thermostat maintained automatically 
at the experimental temperature. Further samples were removed 
at set intervals. The measured samples were at once trans- 
ferred to the bottle in which the catalase reaction was finally 
determined, the samples being cooled by dilution with the con- 
tents of the bottle. These bottles contained the required amount 
of water strongly buffered for pH 7.0 and were placed in the large 
shaking machine-thermostat already described (2) set for 21°. 
This temperature was selected because of the simple correction 
that is necessary for the destruction of enzyme during the reaction, 
exactly one-half of the maximum enzyme activity prevailing at 
2° (2). This correction was made use of in calculating the units 
of catalase lost through heating at various temperatures and H 
ion concentrations for various lengths of time. At least two 
separate determinations of catalase activity were made under the 
same experimental conditions, different quantities of the enzyme, 
inactivated at any one of the different temperatures, being used. 
This provided at least two experimentally determined points by 
means of which it was possible to construct the corresponding 
catalase isotherm (see Paper V, (2) p. 94) and from this to find the 
number of catalase units required to decompose 70 per cent of 
a definite amount of hydrogen peroxide. ‘The degree of inactiva- 
tion resulting from exposure to high temperatures at different pH 
was easily calculated from these data. The concentration of the 
catalase solution was carefully standardized, a definite volume 
containing 1 enzyme unit at 2° (or 0.5 units at 21°). If, for in- 
stance, following an exposure at 60° and pH 6.0, for 5 minutes, an 
amount of enzyme solution equivalent to 2.15 units of the un- 
heated catalase preparation were now required to produce the 
same effect (70 per cent decomposition of the hydrogen peroxide) 
46.5 per cent of the original catalase activity remained, whereas, 
if, under the same conditions but at pH 8.0, the equivalent of 
3.65 units were required, only 27.4 per cent of the catalase activity 
was still present. Thus, all comparisons were made on a strictly 
quantitative basis. a definite amount of enzymatic work being 
used as the criterion, which, of course, is the only theoretically 
correct basis to use. 
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It may not be amiss in this connection to say a word with 
regard to changes in H ion concentration of buffers at high tem- 
peratures. We assume that the pH at which the inactivation is 
accomplished is practically the same as that determined from the 
ratio of the buffer components at ordinary room temperature. 
It is, of course, a well recognized fact that the pH of buffers is 
affected more or less by high temperatures (3, 4). However, the 
extent of the deviation depends very much upon the nature of 
the buffer mixture and on the pH range. ‘Thus, it was shown by 
Walbum (4) that borate buffers are least affected by a rise in 
temperature and even then the greatest change occurs on the 
alkaline side. As the temperature of a borate buffer of pH 9.23 
at 20° was raised to 70° it became 0.37 of a pH more acid, but the 
nearer to the neutral point the buffer mixture was the less marked 
was the alteration of its pH’at 70°. In our experiments Kolt- 
hoff’s series of buffers (borate-phosphate mixtures) were used, 
and, since the temperature did not exceed 65°, we are justified in 
assuming that the pH of the mixtures in which the inactivation 
of the catalase took place was not materially different from that 
designated. 


Degree of Inactivation. 


The inactivation of catalase at temperatures up to 40° is in- 
significant and we commenced the series of experiments at 50°. 
Even at this temperature inactivation proceeds very slowly, except 
at certain H ion concentrations. Thus, at pH 4.0 the catalase is 
quickly and completely inactivated, but at pH 4.5 there is already 
a well marked change, about 10 per cent of the catalase activity 
still remaining even after 30 minutes heating at 50°. With further 
increase in the pH of the medium in which inactivation takes 
place the effect of heating becomes less and less pronounced. ‘The 
least inactivation occurs at pH 6.0, but as the medium becomes 
alkaline the rate of inactivation increases once more and is as 
great at pH 8.0 as it was at pH 5.0. The inactivation on the 
alkaline side, however, is in marked contrast to that on the acid 
side, since it is considerably slower and less extensive. At the 
pH 6.0 to 7.0, where least inactivation is effected, another in- 
teresting fact appears; namely, that the inactivation proceeds 
more or less rapidly at first but soon slows down, attaining an 
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equilibrium before the inactivation by heat iscompleted. At such 
pH even 4 to 6 hours heating at 50° has no appreciable influence 
on the activity of the remaining enzyme. In this instance 
equilibrium is reached when approximately 70 to 75 per cent of 
the catalase is still active. 

At higher temperatures inactivation proceeds with much greater 
speed and the pH zone, within which catalase activity, at least 
temporarily, persists, becomes more contracted. This effect of 
H ion concentration is especially pronounced on the acid side of 
pH 6.0. Thus, at 57.5° catalase is immediately inactivated at 
H ion concentrations below pH 5.0, and even at pH 5.0 the 
inactivation is so rapid that only a trace of the original catalase 
activity remains after 25 minutes exposure (about 2 per cent 
residual activity). The least inactivation at this temperature 
occurs again at pH 6.0 or even at pH 6.5, where after 4 hours 
heating there is still 9 per cent residual activity. At the opposite 
end of the pH range the inactivation is immediate at pH 9.0, 
while at pH 8.0 the inactivation is also rapid but there is about 
7 per cent of residual activity after heating for 1 hour. At the 
optimum H ion concentration, 7.e. pH 6.0, the inactivation rate 
decreases very much after the first 2 hours of heating, but there 
is no definite equilibrium state as was the case at 50°. Thus, 
after 2 hours heating at 57.5° and pH 6.0 as much as 73 per cent 
of the catalase activity was lost, while during the 3rd hour only 
10 per cent more of the catalase disappeared. 

When the heating is carried out at still higher temperatures, 
the rate of inactivation increases, while the pH zone, where the 
loss of activity is. not instantaneous, becomes progressively 
narrower. ‘Thus, at 60° the catalase became immediately in- 
activated at pH 5.0 and at 63° at pH 5.5. On the alkaline side, 
the inactivation does not proceed quite so rapidly and at pH 8.0 
some activity is retained even at 60° but is completely lost at 62°. 
Even at pH 7.5 after heating at 62° there is very little residual 
activity. At 63° and 64° some catalase activity is retained 
within a H ion concentration range of pH 6.0 to 7.5, being com- 
pletely lost within 5 minutes of heating at pH 7.0 to 7.5. At 65° 
the catalase is completely and instantly inactivated at all H ion 
concentrations. We may, therefore, regard 65° as the critical 
temperature for catalase activity. 
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y The degree of inactivation of catalase at different tempera- 
2 tures and pH at 0 time and at intervals of 5 and 10 minutes of 
; heating, respectively, is shown in the series of curves in Figs. 
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1 to 3. It can be seen from these, first, that the inactivation of 
catalase at H ion concentrations below pH 5.5 proceeds very 
abruptly, whereas on the alkaline side the rate of inactivation, 
with increasing temperature and alkalinity, changes more gradu- 
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ally. Secondly, that at pH 6.0 to 6.5 catalase has the greatest 
stability to heat, except at 65°, at which temperature there is 
immediate inactivation irrespective of the reaction of the medium. 

It is particularly interesting to point out in this connection that 
heating catalase at 50° within the range of pH 6.0 to 7.0 does not 
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result in complete loss of its activity, 70 to 75 per cent remaining 
unaffected even after 6 hours exposure to this temperature. This 
residual activity is greater the lower the temperature to which 
the catalase is heated. At higher temperatures the inactivation 
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Residual catalase activity, per cent. 
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proceeds to completion except that at 57.5° 20 per cent of the 

activity still remains intact after 5 hours of heating at the pH of 


6.0. We are, therefore, led to conclude that the heat inactiva- 
tion must be an equilibrium reaction which may be represented 
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symbolically thus, Ey, + [H+] @ Ey, where Ey; is the inactivated 
material. The position of the equilibrium is determined by the 
H ion concentration, and the rate of change by the temperature. 
We shall see presently that the heat inactivation of catalase is a 
process which can be definitely differentiated from the destruction 
of catalase by hydrogen peroxide which likewise varies with 


temperature. 
Course of Inactivation Reaction. 


The rate of heat inactivation of catalase at various tempera- 
tures and H ion concentrations follows very closely the bimolecular 
equation. At any rate, within certain ranges of combination of 
those two factors the constants calculated by means of this 
equation are generally in good agreement. The heat inactivation 
of catalase is quite distinct in this respect from its destruction 
by peroxide (E, — Eo) which was shown to be a monomolec- 
ular reaction (1). Shaklee (5) has shown that pepsin becomes 
inactivated at 37°, this inactivation likewise following the course 
of the bimolecular reaction. 


Latent Period of Reaction. 


The latent period of the catalase reaction depends directly 
upon the degree of inactivation of the enzyme, becoming very 
extensive when this has been exposed to high temperatures or to 
acidities of pH 4.0 and below that. In an earlier paper (6) it was 
suggested that the latent period is the time required for the 
accumulation of a sufficient concentration of active catalase, 
Ey — E4, to initiate the reaction, the rate of accumulation being 
proportional to the concentration of Ey. In Table I are recorded 
the latent periods observed in experiments with catalase inacti- 
vated by heat at varying H ion concentrations and for varying 
lengths of time. A survey of the data presented in this table 
indicates the direct relationship between the degree of inactiva- 
tion and duration of the latent period. It will be further noted 
that the latent period increases much more on the acid than on 
the alkaline side of the optimum H ion concentration (pH 6.0 to 
6.5). At this pH of maximum resistance of the catalase to heat 
the latent period is lengthened either after very prolonged expo- 
sure to heat or after exposure to heat of 60° and above. That the 
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latency of reaction actually depends upon the concentration of 
Ey is borne out by the fact that, if enough inactivated material 
is used to accomplish about 70 per cent decomposition of the 
hydrogen peroxide, the latent periods are practically the same as 
those observed in enzyme solutions heated at pH 6.0 to 7.0. 


DISCUSSION AND SUMMARY. 


In this paper the results of an investigation are presented on 
the effect of temperature on catalase, its effect on the catalase 
reaction having been the subject of previous contributions to this 
series. ‘The enzyme is very slowly inactivated at temperatures 
below 50°, the inactivation becoming very rapid as the tempera- 
ture is raised to 55° or above, especially at pH less than 6.0. 
But it is somewhat slower at pH more than 7.0. At pH 4.5 the 
inactivation is instantaneous at temperatures above 50°, while 
at pH 8.0 this does not occur until 63° is reached. At 65° the 
enzyme is instantly inactivated independently of the H ion con- 
centration. In other words, 65° is its critical temperature. 

Under proper experimental conditions the heat inactivation of 
catalase is an equilibrium reaction and under those conditions 
there is practically no change in the residual activity with in- 
creasing time. The point to which inactivation proceeds is deter- 
mined by the degree of temperature and by the pH of the medium. 
The rate of the heat inactivation follows that of a bimolecular 
reaction. 

Von Euler (7) and Liiers and Lorinser (8) have found that 
sucrase and amylase, respectively, show a maximum heat stability 
(they did not experiment with temperatures above 55°) at a 
H ion concentration which coincides with that required for opti- 
mum enzymatic activity. In other words, these enzymes are 
most stable in the form in which they are most active, which is 
obviously not true for catalase, where the maximum stability at 
pH 6.0 is in marked contrast to its rather extensive pH range of 
optimum activity. 

This is evident from Figs. 2 and 3 in which the pH curve of the 
catalase reaction has been plotted as a dotted line to show its rela- 
tion to the heat inactivation of catalase at corresponding pH. 
Careful examination of the type of curve of the effect of pH on the 
catalase reaction and of the effect of pH on the heat inactivation 
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Inactivation at pH: 
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of catalase shows the marked difference between the two. It will 
be seen that there is no definite optimum H ion concentration for 
the reaction, which proceeds equally well over a range of pH 6.5 to 
8.5, and is almost at its maximum even over a wider range, pH 
6.0 to 9.0. There is, on the other hand, a point of maximum 
stability on the znactivation curves. The reaction curve likewise 
slopes off rapidly on the acid side but to a much less extent than is 
the case in the znactiration curves. 

We have propounded the view (6) that catalase behaves like a 
weak acid, the anions of which alone possess catalytic activity. 
It was anticipated that in the heat inactivation experiments 
further corroboration of this conception would be found. But the 
distinct limitation of maximum stability to a definite pH necessi- 
tates a revision of our former view and a return to the older con- 
ception of the amphoteric nature of catalase. 

It is necessary to assume also that catalase in the form of 
cations is inactive and, furthermore, that the reaction whereby 
the combination, in which catalase plays the part of a cation, is 
formed, is irreversible, since catalase exposed to the action of 
H ion concentration of the magnitude of pH 3.5 to 4.0 fails to 
regain its function under a favorable pH. On the other hand, the 
catalytic activity is shared by both molecules and anions, the 
latter really being heat-labile. We have already come to the 
conclusion from our previous studies that the anion is destroyed 
through oxidation by hydrogen peroxide, which process increases 
with alkalinity. 

The idea that catalase is an ampholyte with an isoelectric 
point somewhere between pH 4.0 and 4.5 must be definitely dis- 
carded as erroneous as it has been derived from a limited study 
of the catalase reaction at different pH. The study of the heat 
inactivation leads one to postulate that catalase must have its 
isoelectric point near pH 6.0. It is obvious, of course, that it must 
possess stronger basic than acid properties inasmuch as it was 
shown before (6) that catalase has an apparent acid dissociation 
constant of an approximate magnitude of 1 X 10~*. The anion 
is its most vulnerable part, as was observed in the study of the 
catalase reaction in alkaline media at different temperatures and 
as is corroborated now by the study of its heat lability. 
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INATION FOLLOWING INTRAVENOUS ADMINIS- 
TRATION OF VARIOUS AMINO ACIDS. 
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The term specific dynamic action, first introduced by Rubner, 
signifies an increase in total heat production following the adminis- 
tration of any of the primary foodstuffs or certain of their cleavage 
products. In spite of the large amount of work which has been 
done on the subject, relatively little is known concerning the 
fundamental cause of this increase in heat production. It has 
been quite definitely shown that it is not due to the increased 
peristalsis which is set up in the gastrointestinal tract by the tak- 
ing of food, nor is it in the main due to the increased activity of the 
various glands whose primary function is the preparation of food 
for digestion and absorption. 

The classic investigations of Lusk and his coworkers form the 
foundation of modern knowledge of the specific dynamic action 
of the various amino acids, and their data and conclusions must 
be taken as the starting point for all future investigations. On 
the basis of his work Lusk formulated his well known theory of 
amino acid stimulation which he defines as follows: ‘“‘In amino- 
acid stimulation some oxy or keto acids derived from protein 
metabolism, stimulate the cells to a higher level of oxidative 
activity” (13). In practically all of his work the amino acids were 
administered by mouth and the determination of heat production 
was begun 1 hour after ingestion. Under these conditions the 
maximal increase in heat production was usually observed during 
the 2nd and 3rd hours after ingestion. 

Oral administration is in certain respects the most ideal pro- 
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cedure from a purely physiologic view-point, but since Levene and 
Meyer (9) have shown that apparently there are differences in the 
rate of absorption of different amino acids from the gastrointes- 
tinal tract, it is possible that the response of the organism may be 
greatly altered and give rise to erroneous conclusions regarding 
the relative increase in heat production caused by the various 
amino acids. It was thought best, therefore, in these experi- 
ments, to adhere to intravenous administration in order that a 
known quantity of amino acid might be introduced into the body 
in a known period of time. The purpose of these experiments 
was twofold: first, to study the increase in heat production 
caused by various amino acids when administered intravenously 
to normal animals; and second, to secure data on normal animals 
which could be compared with the same procedure in the hepa- 
tectomized animal. In normal animals the nature of the response 
has been identical in all satisfactory experiments; the results 
obtained with alanine, glycocoll, and phenylalanine will be re- 
ported in detail. 


Methods. 


The animals were carefully trained before being used in actual 
experiments. During the training period the basal heat produc- 
tion was determined almost daily for a period of several weeks, 
and, in some cases, for several months. In satisfactorily trained 
animals the maximal variation in heat production, as determined 
by successive tests of 10 minutes duration, was usually within 
1 calorie each hour over a period of 4 hours or more. 

In most experiments 0.1 gm. of amino acid nitrogen for each 
kilo of body weight was the standard dose. This amount of 
amino acid was dissolved in from 50 to 70 ec. of distilled water or 
physiologic sodium chloride solution. [Exceptions to this will be 
mentioned later. ‘The solution was warmed to body temperature 
and injected into the saphenous vein; the time required for injec- 
tion varied from 10 minutes to 1 hour and 11 minutes. 

The method of indirect calorimetry employed was described in 
detail by Boothby and Sandiford (4) and adapted to animal use 
by Kitchen (7). Briefly the method consists in the collection of 
the expired air in a gasometer for periods of 10 or 15 minutes. 
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Duplicate analysis of aliquot samples is then made for the per- 
centage of carbon dioxide and oxygen by use of the Haldane gas 
analysis apparatus. 

‘The environmental temperature was maintained at about 25° 
Ly means of a large wooden box which was placed over the table 
on which the animal was lying. A large electric light bulb, placed 
near the top of the box, supplied heat when needed, while cooling 
the interior was effected by raising the hinged glass side of the 
box. Movements of the animal were recorded by a revolving 
kymograph. All experiments were made after a fast of 18 or 21 
hours.!. <A series of four to six satisfactory basal tests was always 
obtained before giving the injection. The injection of the amino 
acid and the collection of the expired air were started simulta- 
neously. Following this the expired air was collected for 10 
minute periods, with from 3 to 5 minute intervals between the 
tests, over a period of several hours. 

The animals were always catheterized in the morning before 
the basal respiratory tests were begun. At the end of 2 hours, 
just before the amino acid was given, the bladder was again 
emptied and washed with physiologic solution of sodium chloride 
or distilled water. Following the injection, the urine was col- 
lected for 2 hour periods and analyzed for total nitrogen, for 
amino acid nitrogen, and for urea and ammonia nitrogen by the 
methods of Folin. 


Results. 


Experiment 1. Alanine.—Fig. 1 shows the results obtained in a 
typical experiment with alanine. Six basal tests give an average 
of 24.8 calories each hour, with a maximum of 25.6 calories and a 
minimum of 23.9. Following the basal period, 10.235 gm. of 
alanine dissolved in 70 cc. of physiologic sodium chloride solution 
(0.1 gm. of amino acid nitrogen for each kilo) were injected at the 
rate of 7cc. each minute. Following the injection, tests were run 
in rapid succession for 3 hours and 54 minutes, with a maximal 


1 All of the animals employed in metabolism work are kept on the stand- 
ard diet described by Lusk which consists of 44 per cent ground beef heart, 
44 per cent cracker meal, 8 per cent lard, and 4 per cent bone ash. The 
basal requirement plus 50 per cent for maintenance was found to be ample 
to maintain the animals in constant weight. 
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interval of 5 minutes between tests. At the end of this time a 
catheterized specimen of urine was obtained, the mask removed, 
and the animal allowed to walk quietly about the small gasometer 
room for about halfanhour. The mask was then readjusted anda 
22 minute rest period given before the next test was started. 
Fight more tests were then made, followed by catheterization, 
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another half hour period away from the table, and a 23 minute 
preliminary rest period before the tests were again started. The 
total time of the experiment was 8.72 hours. 

The test obtained during injection rises sharply from about 20 
to 34.8 calories each hour and represents the highest value ob- 
tained. Following this the general trend of the curve is down- 
ward, until finally the basal value is again reached 8 hours and 
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8 minutes after the injection. Oxygen consumption and carbon 
dioxide elimination closely parallel the curve for total calories. 

In the calculation of the non-protein respiratory quotient, it 
was assumed that the total urinary nitrogen of the basal period 
remained constant throughout the experiment and that it repre- 
sented the protein metabolism. The factors employed for alanine 
are as follows: 


Physiologic value of 1 gm. of alanine when burned in the body = 3.549 
calories. 
Calorific value of 1 liter of oxygen used in combustion of alanine = 4.71 
calories. 
1 gm. alanine nitrogen in urine = 4.8 liters oxygen. 
« 3.99 “ carbon dioxide. 
< 6.36 gm. alanine. 
22.57 calories derived from alanine. 


These values are practically identical with those given by Lusk 
(11, 12). | 

The average non-protein respiratory quotient for the basal 
period was 0.717 with a maximum of 0.763 and a minimum of 
0.695.2. During injection there was a slight drop in the respiratory 
quotient to 0.70 followed by a rapid rise to 0.86, 53 minutes after 
the beginning of the injection. The respiratory quotient then 
gradually fell and finally reached the basal value 2 hours and 9 
minutes after injection. During the remainder of the test the 
respiratory quotient fluctuated somewhat but was on the average 
slightly above the basal value. It is important to note that while 
the maximal height of heat production occurred during injection, 
the maximal height of the respiratory quotient occurred 53 min- 
utes later. 

In Fig. 1 the urinary data have been plotted as mg. of nitrogen 
eliminated each hour. One specimen of urine was obtained dur- 
ing the basal period and four were obtained after injection. The 
total nitrogen of the basal period is considered as representing the 
animal’s basal protein metabolism and is assumed to remain 


>In our routine work we allow only a 15 or 20 minute preliminary rest 
period after adjusting the mask. This is sufficient in most cases, since the 
oxygen consumption in the first test is usually only very slightly above the 
basal value. The respiratory quotient after this interval, however, is 
usually somewhat low. 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL. LXXVII, NO. | 


é 
J 
«& 
| 
é 
i 
2 
a 
q % 
? 


132 Specific Dynamic Action 


constant during the entire period of observation. The increase 
in the urea plus the ammonia nitrogen in excess of the basal hag 
been considered as representing the amount of alanine deamin- 
ized, while the increase in amino acid nitrogen in excess of the 
basal has been considered as representing the amount of alanine 
excreted unchanged. In Fig. 1 the total nitrogen of the basal 
period (protein metabolism) and the increase of the urea plus 
ammonia nitrogen in excess of the basal level (alanine deaminized) 
have been plotted above the zero line, since they have been utilized 
in calculating the non-protein respiratory quotient. ‘The rest 
nitrogen and the excess amino acid nitrogen have been plotted 
below the zero line and have not been used in the calculation of the 
non-protein respiratory quotient. The increase in rest nitrogen 
following the injection is not easy to explain, but since it closely | 
parallels the urinary volume it may be due partly to a washing 
out process attending diuresis and possibly in part to accumulated 
errors in the several determinations. 

The hourly rate of excretion multiplied by the number of hours 
over which the urine specimen was collected gives the total amount 
of any of the urinary constituents. Calculated in this manner it is 
found that the sum of the urea plus ammonia nitrogen in excess of 
the basal for the total period, plus the amino acid nitrogen in ex- 
cess of the basal for the total period, amounts to 1.46 gm. of 
nitrogen. ‘The alanine injected (10.235 gm.) contained 1.61 gm. 
of nitrogen; the recovery of 1.46 gm. therefore represents approxi 
mately 91 per cent for a period of 9 hours and 48 minutes. Of the 
total amount of alanine accounted for, 77 per cent was deamin- 
ized, that is, accounted for as urea plus ammonia nitrogen, while 
23 per cent was apparently excreted unchanged. We are well 
aware that this method of calculation is open to several objections, 
based primarily on the lag in excretion by the kidneys; neverthe- 
less, the results seemed accurate enough to justify further calcu- 
lation. 

In the determination of the specific dynamic action following in- 
jection, a method developed by Ito in the metabolism laboratory 
of the Mayo Clinic was used (3). It consists in the determination, 
by means of a previously standardized planimeter, of the area 
lying between the curve for total calories after injection and the 
line corresponding to the basal value. In this experiment the 
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TABLE I. 
Injection of 5.56 Gm. of Glycocoll. 


Dog 2, weight 10.4 kilos; September 20, 1927. 


Timeactual. | | | 28 | | 
82138128142] 
a.m. liters liters 

9.15- 9.25 | 4.794, 0.799 22.9/ 2.75) 97 15 

9.30- 9.40 | 4.626) 0.810 22.2 2.83 89 15 

9.45-10.00 | 4.350 0.810 20.9 2.89 87 17 
10.05-10.15 | 4.422) 0.821 21.2 | 82 19 
10.32 Catheterized urine, Specimen 1. 
10.32-10.42 | 4.872 0.882 23.6/ 2.98 91 16 During injection. 
10.45-10.55 | 5.364 0.847 25.9 3.88 77 15° 18 min. 
10.59-11.09 | 5.700 0.859 27.6 4.87 71 31 32 
11.12-11.22 | 5.766) 0.937, 28.4 | 5.06 75) 27/45 “ 
11.26-11.36 | 5.802 0.938 28.6 4.81 85 29 59 « 
11.40-11.£0 | 5.280, 0.893 25.7 3.96 81. 23° Lhr., 13 min. 
11.55am— | 5.256 0.836 25.3 4.07 83 

12.05 p.m. | | | | | | 

p.m. | | | 

12.10-12.25 | 5.520 0.779, 26.1 | 3.67, 80; 21/1“ 45 “ 
12.35 Catheterized urine, Specimen 2. 
12.36-12.46 | 5.568 0.708 26.1 3.17) 84 16 2 hrs. 9 min. 
12.50- 1.00 | 5.748} 0.709, 26.9| 3.32/ 20 2 “ 23 « 
1.05- 1.15 | 5.256, 0.695 24.6/3.15 78) 20/2 “ 38 « 
1.20- 1.30 | 5.574] 0.720) 26.2/ 3.84) 76; 20/2 “ 53 
1.35- 1.45 | 4.898) 0.762| 23.2; 3.38) 73' 18/3 “ 8 « 
1.50- 2.00 | 5.130) 0.695) 24.01 3.17; 17/3 “ 23 « 
2.20- 2.30 | 4.860) 0.752) 22.9) 3.19) 20/3 “ 533 
2.38 Catheterized urine, Specimen 3. 

2.41- 2.51 | 4.824 0.770 22.8 3.18) 73) 19 4 hrs. 14 min. 
2.55- 3.10 | 4.386 6 730 20.6 2.82 73) 17 4 “ 30 « 
3.15- 3.30 | 4.272, 0.730 20.0 2.60; 67) 17/4 “ 50 « 
3.35- 3.50 | 4.572) 0.720) 21.4, 2.63) 71; 15,5 “ 10 
3.55- 4.10 | 4.452, 0.743' 20.9/ 2.59) 74, 15,5 “ 30 
4.15- 4.30 | 4.644 0.684 21.7/ 2.43) 74) 12 5 “ 50 
4.38 Catheterized urine, Specimen 4. 
440-455 4.452 0.802 21.2 | 2.5 80:13) 6 hrs. min. 
5.00-5.15 4.596 0.745 21.6 2.39 
5.20- 5.30 4.416 0.744 20.7 234) 75 
5.45 | Catheterized urine, Specimen 5. 
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specific dynamic action amounts to 21.38 calories for a period of 
8 hours and 43 minutes. During this same period the alanine 
deaminized could have yielded 24.67 calories. The specific 
dynamic action, therefore, is 87 per cent of the heat value of the 
alanine deaminized. 

Experiment 2. Glycocoll—Tables I and II give the results of a 
typical experiment with glycocoll. The dog used in this experi- 
ment weighed 10.4 kilos. Four satisfactory basal tests average 
21.8 calories and vary between 20.9 and 22.9 calories each hour. 
5.56 gm. of glycocoll (0.1 gm. of nitrogen for each kilo) dissolved 
in 50 ce. of water were injected intravenously in 9 minutes. The 
test obtained during injection rises from the average basal value 
of 21.8 to 23.6 calories each hour. Following this there is a pro- 
gressive rise to 28.6 calories each hour which is reached 59 minutes 
after the beginning of the injection. After this peak, the curve 
for total calories forms a broad plateau with a gentle slope down- 
ward and finally returns to the basal value 4 hours and 20 minutes 
after the beginning of the injection. ‘The experiment was con- 
tinued for slightly more than 2 hours after the basal value had 
been reached and the last eight tests varied between 20 and 21.7 
calories with an average of 21.1 calories, which is practically iden- 
tical with the average basal value of 21.8 calories before injection. 

In the calculation of the non-protein respiratory quotient the 
following values for glycocoll, which are the same as those given by 
Lusk (11, 12), were used: 


Physiologic value of 1 gm. of glycocoll in body = 2.099 calories. 
Calorific value of 1 liter of oxygen used in combustion of glycocoll = 
4.685 calories. 


1 gm. glycocol Initrogen in urine 


2.4 liters oxygen. 

2.4 “ carbon dioxide. 

5.35 gm. glycocoll. 
11.24 calories derived from glycocoll. 


The non-protein respiratory quotient rises from an average basal 
value of 0.81 to 0.94, 45 minutes after injection and then falls below 
the basal value for the remainder of the experiment. ‘The maximal 
height of the respiratory quotient in this experiment coincides in 
time with the maximal height of extra heat production. 

One specimen of urine was obtained during the basal period and 
four specimens of urine were obtained after injection. When 


a 
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calculated as already described, it is found that the increase in 
urea plus ammonia nitrogen over the basal value plus the increase 
in amino acid nitrogen in excess of the basal, for a period of 7 hours 
and 13 minutes, gives a recovery of 0.811 gm. of nitrogen which is 
equivalent to 78 per cent of the nitrogen injected (1.04 gm.). Of 
the nitrogen thus accounted for, 93 per cent appears as excess 
urea nitrogen (glycocoll deaminized) while 7 per cent appears as 
excess amino acid nitrogen (glycocoll excreted). 

The curve for total calories returns to the basal value 4 hours 
and 20 minutes after injection and the specific dynamic action for 
this period amounts to 15.2 calories. During this same period 
2.31 gm. of glycocoll were deaminized and could have yielded 4.8 
calories; the specific dynamic action amounts to slightly more than 
3 times this figure. The total amount of glycocoll given (5.56 gm.) 
could have yielded 11.7 calories, and the specific dynamic action 
amounts to nearly 13 times this value. 

Experiment 8. Phenylalanine.—Because of its relative insolu- 
bility phenylalanine presented some difficulty. It was injected 
after having been dissolved in sodium hydroxide, weak hydro- 
chloric acid, and finally in a large volume of distilled water. 

Tables III and IV show the results of an experiment in which 
4 gm. of phenylalanine, dissolved in 250 cc. of water, were given 
intravenously to a dog weighing 5.7 kilos.. This was equivalent 
to about 0.06 gm. of nitrogen for each kilo of body weight. The 
injection was given slowly and required 1 hour and 11 minutes for 
completion. Heat production showed a prompt increase and 
reached a maximum just before the end of the injection. This 
peak may be somewhat higher than the true value because of 
slight nausea. All other tests, however, were satisfactory. Heat 
production was still elevated above the basal level at the end of 
4 hours. 

The observed respiratory quotient is at first lowered, a phe- 
nomenon which is also seen in the experiment with alanine, but 
which is possibly brought out more clearly in this instance by the 
slow rate of injection. ‘The initial fall in quotient is not accom- 
panied by a decrease in total ventilation (Table III). Following 
this the quotient rises to a maximal height of 0.84 and remains 
elevated above the basal value for 1 hour. The observed respira 
tory quotient with its corresponding secondary calculations 3 
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given instead of the non-protein, because of the uncertainty in 
factors for the metabolism of phenylalanine. The total specific 


TABLE III. 
Injection of 4 Gm. of Phenylalanine in 250 Ce. of Water. 
Dog 3, weight 5.7 kilos; April 22, 1927. 


2 . 5 
a.m, liters | | | liters | 
8 9.20- 9.30 | 2.808 0.75 | 13.3 0.113 79° 13 
9.35- 9.45 | 2.670'0.75 | 12.7, 0.111) 70) 15 
9.50-10.00 | 2.748 0.75 | 13.0/0.115 67 13 
)  10.05-10.15 2.376 0.77 11.3 0.100 6712 
10.32 Catheterized urine, Specimen 1. 
10.32-10.42 | 2.952'0.73 | 13.7. 0.121. 75 17. During injection. 
10.46-10.56 | 2.868 0.75 13.6 0.125 72 23) « 
0- 10.59-11.10 | 3.006 0.74 14.2 0.132 70 « 
11.15-11.25 | 3.354.0.78 16.0 0.153 73 18. 
11.30-11.40 | 3.912;0.84/19.0'0.203 72 21) « 
11.45-11.55 | 3.252 0.81 15.7 0.185 72 26 Injection ended 
| | | | | «11.42 am. 
nt p.m, | | | 
he —«:12.00-12.10 2.928 0.84 14.2 0.170 72 22 1 hr. 28 min. 
12.15-12.25 | 3.042) 0.83 | 14.7/ 0.169 78) 19,1 “ 43 
ad 12.35 Catheterized urine, Specimen 2. ; 
11S 
¥ 12.37-12.47 2.868 0.76 13.60.1389 70) 15) 2 hrs. 5 min 
at 1.02 2.904 0.77 13.8 | 0.135, 69) 15,2 “ 20 “ 
1.07-1.17 | 3.144/0.75 | 14.9/0.143 68; 14,2 “ 35 « 
of 1.22- 1.32 | 3.0781 0.77 | 14.7|0.142 69, 14,2 “ 50 « 
1.37- 1.47 | 3.270] 0.75 | 15.5/ 0.148, 71/ 15/3 “ 5 « 
1.52- 2.02 | 3.156 0.75 14.9/ 0.142) 15,3 “ 20 « 
2.07- 2.17 | 2.964 0.75 14.0 0.135 69) “ 35 
2.22- 2.32 | 2.898 0.74 | 13.7 | 0.131, 69) 14/3 “ 50 
2.37- 2.47 | 2.8388 0.74 | 13.4/0.127, 70| 13/4 “ 5 
ng 3.00 | , Catheterized urine, Specimen 3. 
ins 


- | dynamic action in this experiment amounts to 9.3 calories for a 
® § period of 4 hours and 5 minutes. 
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One specimen of urine was obtained during the basal period and 
two specimens of urine were obtained after injection. Calculating 
as before, we find that 60 per cent of the nitrogen injected is ac- 
counted for by the increase in the urea plus ammonia and the 
amino acid nitrogen above the basal level. 84 per cent of the 
phenylalanine thus accounted for was deaminized and 16 per cent 
excreted. 

In a control experiment 300 cc. of physiologic solution of sodium 
chloride were injected intravenously into a dog weighing 9.1 kilos, 
at the rate of 3.5 cc. each minute, and an increase in heat produc- 
tion was found which amounted to about 2 calories each hour over 
a period of 1 hour. This small increase in heat production was 
primarily the result of restlessness caused by a distended bladder 
since no urine was collected in this control experiment. The 
respiratory quotient showed no change. 

Other experiments with phenylalanine dissolved in sodium 
hydroxide gave similar results and will not be given in detail at 


this time. 
DISCUSSION. 


The immediate rise in heat production which follows the in- 
travenous administration of amino acid has been observed by 
Aub, Everett, and Fine (2) and by Wolf and Hele (17) in decere- 
brate animals, and by Krzywanek in normal animals (8). In 
Krzywanek’s experiments the injections were given very rapidly 
and the increase in metabolism was noted from 5 to 7 minutes later. 
Weiss and Rapport (15) concluded that the specific dynamic 
action of glycine is essentially the same whether it is admin- 
istered by mouth, subcutaneously, or intravenously. Liebe- 
schiitz-Plaut and Schadow (10) failed to obtain evidence of specific 
dynamic action when glycine and alanine were given intravenously, 
but did obtain it when they were given by duodenal infusion. 
Their experiments seem to have been well controlled and it is 
dificult to explain the negative results obtained. The values for 
basal heat production, however, seem somewhat high and this 
may explain their results, since we have frequently noticed that 
when an animal is, for any reason, considerably above its standard 
level of heat production, the specifie dynamic action is likely to be 
less or, more strictly speaking, masked. 
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The rise of the respiratory quotient after the injection of an 
amino acid is interesting, but the mechanism of its production is 
not clear. ‘The occurrence is not peculiar to intravenous admin- 
istration; it may also follow oral administration as shown by the 
experiments of Lusk (11, 12) and IXrzywanek (8). Following 
oral administration the respiratory quotient may rise to, or above, 
the theoretic respiratory quotient of the amino acid, and Williams, 
Riche, and Lusk (16) have called attention to the fact that after 
the feeding of meat the respiratory quotient may be higher than 
that for protein. ‘There are several explanations: (1) It may be 
due to a disturbance of acid-base equilibrium in the body; this 
is the explanation given by Weiss and Rapport who found a 
quotient of 1.25 half an hour after the intravenous injection of 
glycocoll; (2) it may be due to the combustion of glucose derived 
from the amino acid per se; against this, however, is the result 
which we have obtained in one experiment with phenylalanine in 
which a definite rise in respiratory quotient occurred; this amino 
acid, according to Dakin (5), is not converted to glucose in the 
phlorhizinized animal; further studies are now in progress to 
ascertain whether or not a rise in respiratory quotient always 
follows the administration of phenylalanine; and (3) it may repre- 
sent a true stimulation of carbohydrate metabolism brought 
about by the amino acid. Aub, Everett, and Fine (2) emphasize 
that the rise in quotient may occur without a corresponding rise 
in heat production, for example, in urethanized cats. We have 
also observed this dissociation of the two phenomena under 
several conditions. | 

The manner in which the specific dynamic action is calculated 
and expressed is of great importance, especially when secondary 
calculations are to be made from the data. When repeated single 
determinations of heat production are made it is a common error 
to evaluate only the highest point of the curve for total calories 
and to consider it as representing the specific dynamic action, 
which is then expressed as the percentage increase of this peak 
above the basal level. Results expressed in this manner lose 
much of their value because it is quite obvious that if detailed 
secondary calculations are to be made, it is absolutely essential 
to know the total increase in calories over a given period of time. 
By means of the method developed by Ito, which has already 
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been mentioned, the total specific dynamic action in calories can 
be calculated from the curves as illustrated in Fig. 1. When the 
total calories of specific dynamic action are known, the result is 
then often expressed as the percentage increase of the extra 
calories over the total number of calories which would have been 
produced in the same period of time at a constant basal level of 
heat production. This method of expression is open to criticism 
from two different view-points: (1) The result obtained is ob- 
viously altered by the length of the experiment, since the curve 
for extra calories rises to a maximum shortly after the adminis- 
tration of the amino acid and then returns slowly to the basal 
value as the effect subsides; during this same period of time the 
basal level of heat production is considered as remaining constant; 
the ratio between the total extra calories and the total basal 
calories will therefore depend on how much of the curve has been 
included in the experimental period, and (2) this method of ex- 
pression makes it difficult to compare the results obtained with the 
same amino acid in different animals, since the same percentage 
increase above the basal value represents an entirely different 
absolute value for total extra calories produced, depending on the 
value of the basal heat production. It therefore scems advisable 
to attempt to correlate the specific dynamic action with the amino 
acid producing it. 

In expressing the relationship between the specific dynamic 
action in calories and the amount of amino acid which partici- 
pated in its production, two general courses are open: (1) the con- 
sideration of the total amount of amino acid given, and (2) the 
amount deaminized. Both methods of comparison are open to 
certain criticisms, since they represent the two extremes. In 
general, however, the amount deaminized will probably more 
nearly approximate the true relations in spite of the fact that the 
rate of elimination of urea over short periods does not exactly 
represent the amount of amino acid deaminized in such periods. 
The relationship between the amino acid and the resulting specific 
dynamic action can be expressed in six different ways: (1) as 
calories for each millimol of amino acid given, (2) as calories for 
each millimol deaminized, (3) as calories for each gm. of the 
amino acid given, (4) as calories for each gm. deaminized, (5) as 
per cent of the physiologically available calories in the total quan- 
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tity given, and (6) as per cent of the physiologically available 


calories in the total quantity deaminized. 


These six methods of comparison have been tabulated in Tables 
V and VI which include, besides the three experiments reported in 


Comparison of Specific Dynamic Action of Various Amino Acids. 


of respiratory 


nized during time 


nized. 
deaminized. 

Per cent of amount given deami- 
experiment. 


nized. 
Length of experiment. 


| Each mM given. 
Each mm deami- 
Each gm. given. 
Each gm. deami 
Calories given. 
Calories in amount 


Substance. 

vA 

3 | Phenylalanine. 
4 


2A Glycocoll. 


5 | 


6 | Alanine. 


2 | Glycocoll. 


3 


~] 
00 
- 
00 
oo 


~] 
© 


on 


on 


Remarks. 


4 gm. in 250 ce. 

10 gm. in 200 ce. 
H.0O and 5 ce. 
saturated NaOH. 


5.56 gm. in 50 ce. 


H.0. 


6.20 gm. in 50 ce. 


H,20. 

10.43 gm. in 100 ce. 
physiologic solu- 
tion of NaCl. 

10.235 gm. in 100 ce. 
physiologic solu- 
tion of NaCl. 


5.56 gm. in 50 ce. 
H,O. 


detail in this paper, one additional experiment with each amino 
acid. In Experiment 4 with phenylalanine, sodium hydroxide 
was employed as a solvent and caused marked initial lowering of 
the respiratory quotient, followed later by a rise which was less 
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TABLE V. 
| | 4 
| | Specifi | | | 
| action | | 
| | 
| 
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0.39 | 4.05 
3.41 
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marked than in Experiment 3 in which the solvent was distilled 
water. Because of this, the calories calculated from the respira- 
tory quotient are somewhat lower in Experiment 4. The experi- 
ments with alanine (Experiment 1) and with glycocoll (Experi- 
ment 2), which are reported in detail in this paper, lasted for 8.72 
hours and 6.88 hours respectively, and in Table V the data from 
these experiments have been calculated both for the total period 
of time and also for 4 hours (Experiment 1A) and for 4.33 hours 
(Experiment 2A); the latter values are then quite comparable, 
on the basis of time, with the other experiments summarized in 
Table V which lasted for periods of time ranging from 3.41 hours 
to 4.18 hours. 

Of the six methods for comparing specific dynamic actions which 
have been enumerated above, the two most commonly employed 
are as calories for each gm. of amino acid given or for each gm. 
deaminized. As calories for each gm. given it is seen that there is 
no essential difference between glycocoll and phenylalanine; the 
average value for alanine, however, is somewhat below the average 
value for glycocoll and phenylalanine, although the high value for 
alanine (1.5 calories) is of the same order of magnitude as the low 
values of 1.7 and 1.8 calories for glycocoll and phenylalanine. As 
calories for each gm. deaminized the values for alanine and phenyl- 
alanine are practically identical while the values for glycocoll 
are somewhat greater. If these values are compared with the 
values expressed as calories for each millimol given or each millimol 
deaminized, a striking difference is noted. In spite of certain 
criticisms, which have been mentioned, it seems likely that the 
relationship is more correctly expressed as calories of specific 
dynamic action for each millimol deaminized. The amino acids 
are undoubtedly utilized by the body as individual molecules, 
not as gm. or calories, and a method of comparison which takes 
this fact into account has much in itsfavor. When the values are 
expressed as calories for each millimol deaminized it is seen that 
these three amino acids become clearly grouped, alanine having 
the least powerful and phenylalanine the most powerful influence 
on metabolism. The difference between alanine and glycocoll is 
not marked, the average value for alanine being 0.35 calories for 
each millimol and that for glycocoll 0.45 calories. The average 
value for phenylalanine, however, is approximately 1.6 times the 
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average for glycocoll and twice that of alanine. When the differ- 
ences in the molecular weights are considered, it becomes evident 
why the value for phenylalanine, which is twice that of alanine 
when expressed as calories for each millimol deaminized, becomes 
practically the same when expressed as calories for each gm. 
deaminized. The molecular weight of phenylalanine is approxi- 
mately twice that of alanine; 1 gm. therefore contains approxi- 
mately half as many molecules, but since each molecule exerts 
twice the effect on metabolism, the values will be approximately 
equal when expressed as calories for each gm. The same method 
of reasoning explains why glycocoll is apparently more potent than 
phenylalanine when they are compared as calories for each gm. 
deaminized. 

In the seventh and eighth columns of Table V the specifie dy- 
namic action is expressed as per cent of the physiologically avail- 
able calories in the total quantity of amino acid given and in the 
amount deaminized; that is, the calories of specific dynamic action 
have been divided by the physiologically available calories in the 
total quantity given or in the quantity deaminized. ‘The ‘‘physio- 
logic heat value”’ of 1 gm. of an amino acid is the caloric value of 
1 gm. as determined in the calorimeter, minus the calorie value of 
the quantity of urea theoretically derived from 1 gm. _ In the case 
of glycocoll the heat value of the urea whichis subtracted amounts 
to about 4 of the calorimeter value for 1 gm. of the amino acid, with 
alanine about 4, while with phenylalanine it is only about ,'s. 
This difference in the relative proportion of heat which is sub- 
tracted will at least in part explain why the specific dynamie action 
of these three amino acids, which are in the approximate ratio of 
1 to 1.3 to 2 for alanine, glycocoll, and phenylalanine, when com- 
pared on the basis of the number of calories of extra heat pro- 
duced by each millimol of the amino acid deaminized, becomes 
approximately 1 to 3 to 0.7 for alanine, glycocoll, and phenylalanine 
when expressed as: 


Calories of specific dynamic action 
Physiologically available calories in amount deaminized 


Still another possible source of error is brought to light when this 
method of calculating the physiologically available calories is 
applied to phenylalanine; in this case a certain undetermined 
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fraction may be exereted as a free or combined phenol and the 
calorie value of 1 gm. stillfurther reduced. The careful studies of 
Lusk (13) led him to state that 100 per cent of the energy con- 
tained in glycocoll and 50 per cent of that in alanine may appear as 
extra heat when they are given by mouth. Our values for specific 
dynamic action expressed in per cent of calories given (Table V) 
agree fairly well with Lusk’s figures, the average value amounting 
to 105 per cent of the energy in the total quantity of glycocoll given, 
while alanine yielded 36 and 42 per cent in 4 hours and 59 per cent 
in 8.72 hours. 

When the values are expressed as per cent of calories in amount 
deaminized it is seen that with glycocoll the extra heat produced is 
about 3 times the calorie value of the amount of glycocoll deamin- 
ized. Since the amount deaminized was calculated from the 
“extra”? urea which was eliminated during the relatively short 
period of approximately 4 hours, it is possible that the lag in urea 
excretion may in part account for the high value obtained ; however, 
the amount of glycocoll deaminized during the experiments 
amounted to 30 and 42 per cent which is of about the same order 
of magnitude as the value obtained for alanine and phenylalanine. 
When Experiment 1, with alanine, is calculated for a period of 4 
hours (I¢xperiment 1A), it is likewise found that the heat appearing 
as specific dynamic action is definitely in excess (121 per cent) 
of the heat value of the amount of alanine deaminized. 

Rapport and Beard (14) apparently first called attention to the 
high value of the specific dynamic action of phenylalanine. We 
have recalculated two of their experiments and obtain values 
of 0.32 and 0.35 calories of specific dynamic action for each millimol 
given and 0.62 and 0.54 calories for each millimol deaminized as 
compared with 0.31 and 0.39 calories for each millimol given and 
0.62 and 0.78 calories for each millimol deaminized in our experi 
ments. ‘These results are all in fair agreement when the differ- 
ences in technique and in the mode of administration of the amino 
acids are considered. The fact that the specific dynamic action 
of phenylalanine for each millimol deaminized is approximately 
twice as great as that of alanine, permits a suggestion regarding 
the part played by the two portions of the phenylalanine molecule 
in producing the increase in heat production, for if we assume that 
the alanine fraction will have the same effect as alanine when 
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administered alone, then it follows that the phenol fraction of the 
molecule must exert an equally great effect on heat production. 

In our experiments with alanine and phenylalanine we used the 
racemic forms and it is important to note that apparently a portion 
of both d and | components was deaminized. In Experiment 1, 
with alanine, the urine was collected for 9.79 hours after the injec- 
tion and during this time 1.124 gm. of extra urea nitrogen were 
eliminated. The quantity of alanine injected contained 1.61 gm. 
of nitrogen and we may consider 50 per cent of this (0.805 gm. ) 
as the nitrogen of d-alanine and a like quantity as nitrogen of 
l-alanine. If it is assumed that all of one component was deam- 
inized, then it follows that approximately 40 per cent of the other 
component was likewise deaminized. Levene and Meyer (9) fed 
racemic alanine, along with a standard diet, to a dog, and con- 
cluded that all of the J-alanine and 68 per cent of the d-alanine was 
deaminized. Abderhalden and Schittenhelm (1) performed 
similar feeding experiments with racemic alanine and from their 
data one may likewise calculate that all of one component and 
about 69 per cent of the other was deaminized. In our Experi- 
ment 3 with phenylalanine (Table IV) a similar calculation per- 
mits the conclusion that all of one component plus 21 per cent of 
the optical antipode was deaminized. Levene and Meyer ob- 
tained comparable results with phenylalanine. ‘These considera- 
tions bring up an interesting question which unfortunately cannot 
be answered at the present time, namely: Are the specific dynamic 
actions of the d and / forms of an amino acid the same? If the 
values differ, then experiments performed with the racemic forms, 
which obviously give only the sum of the two effects, may be ex- 
pected to differ at times, depending on the relative quantities of 
the two components which participate in the reaction. 

In conclusion we wish to emphasize two points with reference 
to the interpretation of our results: (1) We do not believe, nor 
do we wish to imply that specific dynamic action is necessarily 
always associated with deaminization of the amino acid, and (2) 
the values for specific dynamic action given in this paper are 
applicable only to normal animals on a standard, fully adequate 
diet and with the same rates of injection which we have employed 
in these experiments. 
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SUMMARY. 


Following the intravenous injection of alanine, glycocoll, and 
phenylalanine, there is an immediate rise in heat production which 
usually reaches its height during the injection and with glycocoll 
and alanine may require from 43 to 9 hours to return to the basal 


value. 
Accompanying the increased heat production there is a definite 


elevation of the respiratory quotient. 

The relationship between the specific dynamic action and the 
amino acid administered may be expressed in at least six different 
ways and reasons are given for believing that the most suitable 
manner of expressing this relationship is as calories of extra heat 
produced by each millimol of the amino acid deaminized. Ex- 
pressed in this manner the specific dynamic action of alanine, 
glycocoll, and phenylalanine are in the approximate ratio of 1 to 1.3 
to 2. 

When racemic forms of amino acids are injected, more than 
50 per cent of the nitrogen may appear in the urine as “‘extra”’ urea 
nitrogen, thus indicating that all of one component plus a certain 
varying fraction of the optical antipode has been deaminized. 
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THE EFFECT OF INSULIN ON THE AMINO ACID 
CONTENT OF BLOOD. 


By JAMES MURRAY LUCK, GORDON MORRISON, anp 
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(From the Department of Chemistry, Stanford University, California.) 
(Received for publication, January 25, 1928.) 


INTRODUCTION. 


Early in 1926, one of us (J. M. L.) had occasion to determine 
the amino nitrogen content of a number of blood samples from 
fasting pathological subjects. Among them were some diabetic 
cases under treatment with insulin. With only four or five ex- 
ceptions, this latter group gave the lowest amino nitrogen values 
observed. Although there were factors other than insulin which 
may have contributed to the difference in group values between 
diabetics and non-diabetics, the results were sufficient to excite 
our curiosity, and to lead us to an examination of the effect of 
insulin upon the amino acid content of the blood. 

An examination of the literature revealed several points to 
which reference should be made. In the first place, we could 
find little agreement in the conclusions drawn by various authors 
with respect to the amino acid content of the blood of fasting 
diabetic subjects. 


Desqueyroux (1) reported the amino nitrogen content to be greater than 
normal. Wolpe (2) also found that most of the diabetics examined by him 
gave high values. Wiechmann’s (3) subjects appear to have had no ab- 
normal concentration of amino acids in the blood prior to insulin treatment, 
although he gave no analyses of normal blood which might have served 
us as & basis for comparison. The extensive investigations of Greene, 
Sandiford, and Ross (4) demonstrated that in 116 diabetic subjects the 
amino nitrogen content of the blood did not depart from normal limits. 
The results obtained by von Falkenhausen (5) on the blood of diabetic 
subjects confirm those of Greene, Sandiford, and Ross. Finally there are 
the investigations of Okada and Hayashi (6) on the blood of depancreatized 
dogs, and of quite a number of investigators (7) on the amino acid excre- 
tion of diabetic subjects which indicated hyperaminoacidemia. 
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As for the effects of insulin, the reports were meager and somewhat con- 
flicting. Wolpe (2) appears to have examined the effect of insulin on the 
blood amino nitrogen of only one diabetic subject. He concluded, how- 
ever, as did Wiechmann (3) that insulin reduced the amino acid content 
of the blood of diabetics. The latter’s findings were somewhat more ex- 
tensive than Wolpe’s and possess an added interest in that no parallel 
decreases were observed in the blood sugar. Wiechmann also found that 
insulin decreased the amino acid content of the urine. Greene, Sandi- 
ford, and Ross (4) concluded, without presentation of experimental data, 
that insulin had no effect on the amino acids (of the blood). ‘Tashiro (8), 
however, reported the interesting, if not surprising, observation that in- 
sulin greatly reduced the amino nitrogen of the blood, even to zero in some 
cases. His work seems to have been limited to experimentation upon two 
rabbits, in one of which, and for other purposes, the cervical sympathetic 
nerves had been cut. Moreover, the values described as pertaining to 
amino nitrogen referred in reality to the residual nitrogen fraction (non- 
protein, non-urea). 


EXPERIMENTAL. 


The effect of insulin upon the amino nitrogen content of the 
blood of rabbits, rats, and humans was investigated. The rab- 
bits were, in all cases, fasted for 48 hours before use, the rats for 
48 hours, and the two human subjects for 16 hours. The insulin 
employed was Eli Lilly and Company’s iletin. In the experiment 
with rats, the insulin was diluted with 0.9 per cent sodium chloride 
to such a strength that 1 ec. of the diluted material contained 
the requisite amount of insulin for injection. Controls received 
in a similar manner | cc. of 0.9 per cent sodium chloride by sub- 
cutaneous injection. 

The blood of the rabbits was collected from a marginal ear 
vein, that of the rats by stunning and cutting deeply into the 
thorax, and that of the humans by puncture of an arm vein. 
Finely powdered potassium oxalate was employed in all cases as 
an anticoagulant. 

The rats used were raised in our own colony, having been 
maintained, prior to experimentation, upon the basal diet else- 
where described (9). Only males, weighing 150 to 225 gm. were 
employed. 

The rats were examined in groups of five, all members being 
simultaneously injected, and then killed in succession at suitable 
intervals of time. 

In the protein-free blood filtrates, prepared according to the 
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method of Folin and Wu (10), reducing sugar was determined by 
the method of Benedict (11) and amino acid nitrogen by that of 
Folin (12). To be quite certain that the changes observed in the 


TABLE I. 
Effect of Insulin upon Amino Acid Nitrogen in Blood of Man. 


| | 


Amino 


Time. | Blood sugar. | Remarks. 

| | Colorimetric. | Gasometric. | 

| mg. percent | mg. percent | mg. per cent 
9.07 “ 30 units insulin injected subcu- 

taneously. 
Hor 59 5.0 4.5 
10.39 “ 58 | 4.9 4.8 | 
11.26 “ 61 | 5.0 4.0 
12.12 p.m. 59 | 4.2 3.4 
8.55 a.m. 84 | ee J. M. L., 69 kilos. 
* 25 units insulin injected subeu- 

taneously. 

58 | 5.0 | 
ae 7 | 4.7 | | 
68 | 
na 61 | 4.7 


TABLE IL. 
Effect of Insulin upon Amino Acid Nitrogen in Blood of Rats. 


| Amino N, mg. per cent. 


Time. | Remarks. 
Control Control) Series Series | Series Series | 
| series, | series. 1. | 
| 
hrs, | | 
0 11.7 10.0 13.6 10.0 12.5 Insulin, 6 units per kilo, 
11.2) 9.65 11.2) 9.0, 10.0 was used in Series 1, 
1} | 9.5 7.8 | 9.3 | 7.6 | 8.2 | 3, 4; 9 units per kilo 
2} | 12.5 | 9.7 6.4; 8.2; 7.8! 8.3) in Series 2. 
3}-43 | 13.1 9.2 | 10.35 | | 9.5) 


amino acid values were not artifact, due to some curious vagary 
of the analytical method employed, duplicate analyses were 
performed on the blood samples of one subject, the absolute gaso- 
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The 


preliminary treatment of the samples so examined was essen- 


metric method of Van Slyke being used for this purpose. 


tially that described by one of us in another paper (9). 10 ce. 
samples of blood were used, being diluted to final volumes of 50 


TABLE III. 
Effect of Insulin upon Amino Nitrogen Content of Blood of Rabbits. 
Amino N, mg. per cent. 
Time after injection. 
sisifi4 138 
Control 1. 9.59.29.6 9.3) 8.8 9.5 
8.98.78.3 8.5} 8.6 
Experimental 3. 10.0 9.17.8 7.6 | 6.9 6.9) 4 units insulin. 
4, 9.27.97.9 Ani- “ 
| a mal 
5. 9.77.87.4| 6.9 | Ani- 
| | mal 
died. 
Control 6. | 9.99.8 9.8)| 9.7 
Experimental 7. 9 68.47.8 7.2 6.6 1 unit insulin per kilo; 
| | | | | no convulsions. 
ci 8. 9.57.76.4 8.3) 2 units per kilo; convul- 
fae | | | sions from 2 to 4 hrs. 
| | after injection. 
9. 10.57.06.7 6.6 | 6.5 1 unit per kilo; no con- 
ae | | | vulsions. 
nas 10. 10.18.07.6 9.5 | 9.9 | 1 unit per kilo; no con- 


| | | | coo vulsions. 


ec. before filtration. Liquid air treatment, of course, was omit- 
ted. The results of these experiments are presented in Tables I, 


II, and III. In most cases, we have not considered it necessary 
to reproduce the blood sugar values, the changes in which as a 
result of insulin injections, are quite well known. 
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DISCUSSION. 


These results demonstrate beyond doubt that insulin reduces 
the amino acid content of the blood. Although the explanation 
of this phenomenon will be considered in a subsequent paper, 
two facts may be referred to now which are pertinent to the 
question of the relationship of this effect to the accompanying 
hypoglycemia. 

The first question that arises is whether hypoaminoacidemia 
may not be a necessary sequel to hypoglycemia. It might be 
argued, a priori, that the hypoglycemic state would serve as a 
stimulus to those processes which lead to sugar formation, and 
by which presumably the organism might endeavor to maintain a 
constant blood sugar level. If this be so, we would expect that 
hypoglycemia would be associated with an increased catabolism 
of the glucogenetic amino acids and hypoaminoacidemia would 
ensue. 

A number of investigators (13) have reported that the injec- 
tion of hydrazine sulfate into animals provokes hypoglycemia. 
Lewis and Izume (14) studied also the effect of hydrazine sulfate 
upon the amino acid content of blood. It was amply demon- 
strated by them that during hydrazine hypoglycemia the amino 
acid content suffers a marked increase. Blatherwick, Sahyun, 
and Hill (15) have recently made the interesting observation that 
synthalin, which provokes hypoglycemia and has for this reason 
been investigated as a therapeutic agent for the treatment of 
diabetes, iicreases the hyperaminoacidemia which follows the 
administration of glycine. These results demonstrate quite con- 
vincingly that hypoglycemia, per se, is not necessarily atended 
by hypoaminoacidemia. 

It is also to be observea that the lowering in the amino nitrogen 
content of the blood, here observed, is not secondary to convul- 
sions or coma. For in most of the experiments, including those 
on the human subjects, no untoward outward symptoms were 
manifest. 

Finally it might be well to point out that the degree of hypo- 
aminoacidemia relative to the hypoglycemia is much greater than 
a cursory examination of this data would suggest. If the maxi- 
mum fall in amino acid nitrogen be considered as 2.5 to 3.0 mg. 
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per cent under conditions in which the blood sugar is reduced by 
@ maximum of 40 to 50 mg. per cent, it follows that the propor- 
tional decreases in gm.-molecules of amino acids and sugar would 


be as (2.5 or 3.0) X — is to 40 or 50. In other words the effect 


of insulin upon the amino acid content of blood is roughly 80 
per cent as great as its effect upon the blood sugar. 


SUMMARY. 


1. Subconvulsive doses of insulin lowered the amino acid con- 
tent of the blood of rabbits, rats, and humans. 

2. Probably this reduction was not a direct and inevitable 
result of the accompanying hypoglycemia. 

3. The decreases observed in the molecular concentration of 
the amino acids of the blood were, in some instances, almost as 
great as the decreases in the concentration of blood sugar similarly 
expressed. 
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STUDIES UPON CALCIFICATION IN VITRO. 
III. INORGANIC FACTORS DETERMINING CALCIFICATION. 
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(From the Harry Caplin Pediatric Research Laboratory, The Jewish Hospital 
of Brooklyn, New York.) 


(Received for publication, January 23, 1928.) 


The histological studies of Pommer (1) and Schmorl (2) have shown 
that in rickets calcification of the provisional zone of cartilage and of the 
osteoid fails to occur. This accounts for the overgrowth and the random 
development of the cartilage cells, the excessive production of osteoid about 
the bony trabecule and the periosteum, and lastly the formation of the 
so called rachitic metaphysis. Feeding experiments have done much to 
clarify our knowledge of the etiology of this disease, both as it occurs in the 
experimental animal and in children, but have contributed little in explain- 
ing the failure of calcification. Various explanations have been offered for 
this failure; namely, first, that it is due to a lack of bone-forming elements 
in the diet; second, that it is due to defective absorption of mineral elements 
from the gastrointestinal tract, particularly calcium and phosphorus; third, 
that there is a deficiency of these bone-forming elements in the blood serum; 
fourth, that it is due to an inability on the part of the cartilage and the 
osteoid to take up calcium and phosphorus from the serum. 

Studies by Howland and Kramer (3) have shown that an adequate 
amount of serum calcium and inorganic phosphorus is necessary for normal 
ossification. These authors have demonstrated that when both the product 
of the serum calcium and inorganic phosphorus expressed in mg. per cent 
is 30 or less, the normal process of calcification fails to occur and rickets 
develops. When this product, however, is more than 40, either rickets is 
absent or healing is taking place. The studies of Shipley, later confirmed by 
Shipley, Kramer, and Howland (4) have further demonstrated the ability 
of rachitic cartilage to calcify in the presence of a sufficient amount of 
bone-forming salts. When a section of the upper part of the tibia of a 
rachitic rat was immersed either in serum or in an inorganic salt solution 
having the mineral composition of serum, calcification occurred in the 
provisional zone of cartilage if the concentration of calcium and inorganic 
phosphorus of the medium was within normal limits. If, however, the 
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product of the concentration of these components was less than 35, calci- 
fication failed to take place. 

The observation of Shipley and his coworkers that calcification in the 
provisional zone may be brought about in inorganic salt solutions under 
optimal conditions, and that if fails to occur when these conditions are 
changed, offers a method by which the factors which underlie calcification 
may be determined. It would follow that if calcification <n vitro is similar, 
if not identical, with that occurring in vivo, the factors that operate in the 
artificial serum may have their analogy in the living organism. It wag 
hoped that any results that might materialize from such a study would shed 
some light on the mechanism of pathological calcification, the process of 
normal ossification, and the factors causative of such diseases as rickets and 
osteomalacia. In its histological appearance and location in vitro calcifi- 
cation strongly resembles the primary calcification which develops in vivo 
after the administration of an antirachitic factor. 

Hastings, Murray, and Sendroy (5) have derived formulas for calculating 
the activities of [Ca*+], [PO4], and [HCO] from the solubilities of their 
salts at varying ionic strengths and reactions in aqueous solutions. They 
have compared the results obtained with inorganic solutions with those 
found in fresh serum and serum after equilibration with solid CaCQ,, 
Ca3(PO.4)2, and mixtures of these salts as well as with bone powder. They 
obtained large discrepancies in the figures for calcium ion activity obtained 
by these methods. They were unable to demonstrate the high degree of 
supersaturation of serum reported by Holt, La Mer, and Chown (6). Their 
values for the true activity solubility product of CaCO; and Caa(PO,): 
differed considerably from those of Holt and collaborators. 


In view of the uncertainty which prevails regarding the quanti- 
tative composition of primary calcification, discussions as to the 
relation between the solubility product constants of certain calcium 
salts of serum and those of bone must be considered premature. 

In the study here reported, the aim has been to determine the 
factors that govern this process, but instead of using precipitation 
as the criterion for calcification, the cartilage cell served as an 
index of the conditions best suited for the deposition of bone salts 
in its matrix; in this the usage of Shipley, Kramer, and Howland 
was followed. At least such a method approaches more closely 
the conditions that may be found in the intact living body. It 
must be borne in mind, however, that before any conclusions 
derived from a study of the 7n vitro process can be applied to in 
vivo calcification, it must be shown that the quantitative composi- 
tion of the material deposited in in vivo calcification is identical 
with that obtained in the zn vitro process. 
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Experimental Procedure. 


The method employed was essentially that described by Shipley, 
Kramer, and Howland except that the rats were fed on the Steen- 
bock Diet 2965 (7) instead of on the McCollum Diet 3143 (8). 

Solutions of inorganic salts are prepared approximating in 
composition blood serum or any variation from it. 20 cc. of a 
0.3 per cent solution of phenolsulfonephthalein per liter are added 
as an indicator and the reaction adjusted by bubbling CO, gas 
through the solution. The solution is filtered through a Mandler 
filter into a sterile suction flask and portions transferred to 25 ce. 
Erlenmeyer flasks and stoppered with rubber stoppers. The 
reaction of each sample is determined colorimetrically by matching 
against a series of phosphate standards, and the flasks are then 
placed in the incubator for 30 minutes. 

Young rats from a known breeding stock are kept on the Steen- 
bock Diet 2965 (7) for about 20 days or longer until they show a 
very wide rachitic metaphysis with not a trace of lime salts in the 
provisional zone of cartilage nor in the trabeculae. As soon as 
the flasks attain a temperature of about 37.5°, a rat is killed by a 
sharp blow on the head, the whole body is washed with alcohol, 
and the tibix are isolated free of muscle tissue with sterile instru- 
ments. A tibia is picked up with a sterile piece of gauze and, 
surrounded by the gauze, its upper part is held between the left 
thumb and index finger. With a sharp sterile cataract knife, 
five or six sections of bone are cut through the epiphysis, meta- 
physis, and a short distance through the diaphysis. The mouth 
of the Erlenmeyer flask is flamed by one worker, and the cut sec- 
tion is picked up with a sterile forceps by another worker and 
placed in the solution. The flask is stoppered and the rubber 
stopper taped to the neck of the flask with longitudinal and circular 
strips of adhesive tape. It is then replaced in the incubator until 
ready for microscopic examination. 

At the desired time, usually about 20 hours, the flasks are re- 
moved from the incubator, one by one, and the pH and the tem- 
perature of the contents noted. The solution is poured off and 
the section is washed several times in distilled water and then 
placed in a crystallizing dish containing a 1 per cent solution of 
AgNO, and exposed to light. The section is examined under the 
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binocular microscope and the presence of calcification determined. 
When calcification occurs, the lime salts deposited in the matrix 
around the cartilage cells in the provisional zone assume first a 
yellow, then a brown, and lastly a black color. The appearance 
of the zn vitro calcification is that of a honeycomb and is identical 
with newly calcified cartilage in vivo. The narrowing of the zone 
of cartilage cells with the disappearance of the tongues of cartilage, 
which occurs in animals treated with antirachitic agents, is of 
course not present in the zn vitro process. 

It is obvious that with so many kinds of inorganic ions in the 
solution, it is possible to produce a very large number of solutions 
of different concentrations. We have not attempted an exhaus- 
tive study of the subject but have merely attempted to determine 
the effect of certain alterations in the concentration of one or more 
ions or of the total ionic strength of the solution. 


A. Effect of Reaction on Calcification. 


In a preliminary communication (9) we reported the effect of 
reaction (pH) on calcification zn vitro. The solutions employed 
approximated the inorganic composition of blood serum. ‘The 
concentrations of all components were kept constant but the pH 
was varied from the acid to the alkaline side of the physiological 
range. The results may be summarized as follows: (1) The 
optimum pH for zn vitro calcification when the product of the con- 
centrations of calcium and phosphorus expressed in mg. per cent 
equals 50, is from 7.25 to 7.35. (2) Calcification occurs irregu- 
larly in the zone of provisional cartilage at pH 7.1 to 7.2. (3) 
Slight calcification may occur at pH 7.0 to 7.1. (4) No ecalcifica- 
tion occurs in solutions more acid than pH 7.0 and the sections 
appear swollen. (5) In solutions more alkaline than pH 7.39 
calcification takes place, provided precipitation does not occur. 
(6) Sections left in acid solutions for from 2 to 6 hours and later 
transferred into solutions in which the concentrations of calcium, 
inorganic phosphorus, and hydrogen ions are optimal, fail to 
calcify; whereas similar sections transferred from solution of low 
Ca X P product into solutions of a high product may calcify if the 
PH is optimal in both solutions. 
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B. Effect of Sodium Chloride on Calcification in Vitro. 


Chemical studies of the blood in rickets and tetany involved, 
for the most part, the determination of the calcium and inorganic 
phosphate of the serum. Very little is known of the effect of 
other electrolytes of the blood on the activity of the calcium or 
phosphorus of the serum. The well known effect of increasing 
concentrations of neutral salts on the solubility of slightly soluble 
salts and the activity coefficients of their ions, led us to study the 
effect of such salts on calcification in vitro. Solutions were pre- 
pared simulating the inorganic composition of blood serum, except 
that the concentrations of calcium, phosphate, sodium, and 
chloride ions were varied. To basic solutions containing a given 
amount of calcium and phosphate, but no NaCl, increasing 
amounts of NaCl were added so that the concentration of this salt 
ranged through concentrations less than, equal to, and greater 
than those which obtain in normal serum.'! The reaction and 
the concentrations of all other components were kept constant. 
The results are shown in Table I. It is seen that in solutions in 
which reaction is optimal and the concentration of calcium and 
phosphate adequate (Ca & P = 50) calcification in vitro occurred 
best when the concentration of |Nat] varied between 50 and 
150 mm and that of [Cl-] between 25 and 125mm. Calcification 
is definitely inhibited at high concentration of sodium chloride. 

In terms of total molal concentration, it is seen that the optimal 
conditions for calcification 7n vitro when Ca X P = 50 is between 
115 and 315 mm. The process of lime salt deposition is entirely 
inhibited by higher concentrations of sodium chloride. 

The ionic strength, u, of normal blood serum was estimated by 
Van Slyke and coworkers (11) to be about 0.167. We have cal- 
culated the total ionic strength of our solutions and have found 
that calcification proceeds regularly when u is between 0.070 and 
0.172. Calcification is partially inhibited when » = 0.195 and 
is entirely prevented when uw = 0.220. When the concentrations 
of calcium and phosphate are diminished, calcification fails to 
occur even with lower values of wu. 


1 These concentrations of sodium chloride are greater than those found 
by Shipley and Holt (10) sufficient to inhibit calcification. These investi- 
gators, however, worked with lower concentrations of calcium and 
phosphate. 


U j 

e 

e 

is 4 
P 

t a 

)) J 

1S 
4 

0 
W 
a 


162 Calcification in Vitro. III 


TABLE I. 
Effect of |Na*) and [Cl~] on Calcification in Vitro, at pH 7.25 to 7.35 and 
37-88°, [K+] 5.7 mm, [Mgt*] 0.75 mm, [HCO37| 30 mm, [SO 0.75 mm, 
and Varying [Catt] and [PO,"] Concentrations. 


Total mm 
[Nat] {[Cl-] [Cat] Ca XP | concen- Calcification. 

tration. 
mM mM mM mM “a” 
34.7 9.0} 2.5 1.6 50 85.0 | 0.0549 | ++ to +++ 
50.0 24.3 | 2.5 1.6 50 115.3 | 0.0702 |1 to3 (++++) 
75.0 49.3 | 2.5 1.6 50 165.6 | 0.0952 | 3 (++++) 
100.0 74.3 | 2.5 1.6 50 215.6 | 0.1202 | 3 (+++4-+) 
125.0 99.3 | 2.5 1.6 50 265.6 | 0.1452 ++ ++ 
150.0 | 124.3 | 2.5 1.6 50 315.6 | 0.1702 t++4++ 
175.0 | 149.3 | 2.5 1.6 50 365.6 | 0.1952 +++ 
200.0 | 174.3 | 2.5 1.6 50 415.6 | 0.2202 Negative. 
34.7 9.0} 2.0 1.6 40 84.5 | 0.0541 Negative. 
100.0 73.2 | 2.0 1.6 40 214.0 | 0.1189 + to ++ 
150.0 | 123.3 | 2.0 1.6 40 314.1 | 0.1689 +++ 
200.0 | 173.3 | 2.0 1.6 40 414.1 | 0.2189 Negative. 
34.7 9.0; 2.5 1.3 40 84.7 | 0.0535 + 
100.0 | 74.2} 2.5 1.3 40 | 215.2 | 0.1188 ++f 
150.0 | 124.3 | 2.5 1.3 40 315.3 | 0.1688 ++ 
200.0 | 174.3 | 2.5 1.3 40 415.3 | 0.2188 Negative. 
34.7 9.0} 2.5 1.1 35 84.5 | 0.0526 Negative. 
100.0 74.2 | 2.8 1.1 35 215.0 | 0.1179 ws 
150.0 | 124.3 | 2.5 35 315.1 | 0.1679 
200.0 174.3 |} 2.5 1.1 35 415.1 | 0.2179 - 


+ beginning calcification; ++ more advanced; +++ moderate or 
nearly complete line of calcification; ++-+-+ denotes calcification com- 
pletely across the provisional zone of cartilage; 2 and 3 (++++) desig- 
nate calcification also in primary and secondary tongues of cartilage. 

* Total ionic strength. w = where 
C1 C2 C3... .€n = Molal concentration of ions present and 2; 22 23....2n = Val- 
ence of ions (11). 

+++ in 18 hours, nearly +++-4 in 48 hours. 


C. Effect of Potassium on Calcification in Vitro. 


In the distribution of electrolytes between the erythrocytes and 
serum, {K*] is the major cation of the red cell, while [Na*] is found 
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exclusively in the serum. The concentration of [K+] of serum as 
drawn is about 23 mg. per cent or 5.7 mm, while that of [Na*] is 
about 150 mm. If the effect of NaCl in inhibiting calcification 
were due entirely to an increase in total ionic strength, it would 
follow that by increasing the total ionic strength by substituting 
[K+] for [Na*] identical results should be obtained. From Table 
II it is seen that the effect of [IX*] on calcification is parallel with 
that observed when [Nat] is employed. This seems to indicate 


TABLE II. 


Effect of [K*] on Calcification in Vitro at pH 7.25 to 7.35 and 37-38". 
[(Cat**] 2.5 mu, [PO] 1.6 mu, [Mg**] 0.75 mu, 0.75 ma, 


[HCO;~| 30 mm. 
Total mm 
[Kt] Ca XP | concentra- Calcification. 
tion. 
mM mM mM mg. per cent 
53.4 60.8 1.7 30 151.5 | 0.0881 2 (++++4+) 
103.3 116.3 | 50 256.9 | 0.1408 2 (++4++) 
201.6 230.0 1.7 50 468.9 | 0.2468 Negative. 
50.0 24.3 5.7 50 115.6 | 0.0702 2 (++++4) 
100.0 74.3 5.7 50 215.6 | 0.1202 3 (+++) 
200.0 174.3 5.7 415.6 0.2202 Negative. 
100.0 74.3 10.8 50 220.7 | 0.1227 ++++ 
34.7 53.4 48.0 30 171.7 | 0.0982 3 (+++4+) 
34.7 75.4 70.0 30 215.7 | 0.1202 +++ 
34.7 101.0 96.0 50 267.3 | 0.1460 TTT? 
34.7 150.0 146.0 30 366.3 | 0.1955 ++ to +++ 
34.7 175.0 170.0 50 415.3 | 0.2200 Negative. 


that the effect of [Na+] or of [IX*+] is not due to any specific effect 
of these ions but rather to changes in the total ionic strength of the 
solutions.2 In view of the well known depressant effect of potas- 
sium ion upon the heart the tolerance of the cartilage cells for 
potassium, even in high concentrations, is worthy of emphasis. 


? In our experiments the interchange between [Na*| and [IX*] was gross 
and no appreciable changes in calcification were noted when one or the other 
cation was used. 
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D. Effect of Magnesium on Calcification in Vitro.® 


Blood serum contains only small amounts of magnesium. The 
normal figures for human blood serum are from 1.8 to 2.2 mg. per 
100 cc. It would hardly be expected that an increase in the con- 
centration of magnesium of only 1.8 mg. per 100 cc. should inter- 


TABLE III. 


Effect of [Mg**] on Calcification in Vitro at pH 7.25 to 7.35 and 37—38°, and 
with Varying Amounts of Calcium and Phosphorus. 


Total 
[Nat] [Cl-} [PO4*] | |\Ca P [Mg**] Calcification. 
tration. 

mad mq 
mM mM mM mM mM mM per per 

cent cent 
100 75 | 2.5 | 0.0 | 0.8 0.0 25 | 0.0 214.0 | 0.1139!) Negative. 
100 75 | 2.5 | 0.75) 0.8 0.75 25 | 1.8 (215.5 | 0.1169 - 
100 75 2.5 | 0.0 | 0.96 | 0.0 30° 0.0 (214.16) 0.1146, +++4+ 
100 | 75 | 2.5 | 0.75) 0.96 | 0.75 | 30 | 1.8 |215.66) 0.1176) Negative. 
100 75 |2.5 11.5 | 0.96 | 1.5 30 | 3.6 |217.16) 0.1206 
100 75 | 2.510.0 | 1.6 0.0 50 | 0.0 /214.8 | 0.1175) 2(++++4) 
100 75 | 2.5 | 0.75) 1.6 0.75 50 | 1.8 |216.3 | 0.1205) 2(/+++4+4) 
100 75 | 2.5 1.5 50 | 3.6 /217.8 | 0.1235) Negative. 
100 75 | 2.5 | 3.0 | 1.6 3.0 50 | 7.2 |220.8 | 0.1295 3 
100 75 | 2.56) 1.5 11.9 1.5 60 | 3.6 |218.1 | 0.1249 
100 75 | 2.6 | 1.5 12.2 1.5 70 | 3.6 |218.4 | 0.1262) 
100 75 | 2.5 | 3.0 | 2.2 3.0 70 | 7.2 |221.4 | 0.1332] Negative. 
100 75 | 1.75) 0.0 | 2.25 | 0.0 49 | 0.0 |228.7 | 0.1189) ++++ 
100 75 | 1.75) 0.75) 2.25 | 0.75 49 | 1.8 |230.2 | 0.1219) ++-+4+ 
100 | 75 | 1.75) 1.5 | 2.25 | 1.5 49 | 3.6 |231.7 | 0.1249} Negative. 
100 | 75 | 1.75} 3.0 | 2.25 | 3.0 49 | 7.2 |334.7 | 0.1309 * 
150 | 125 | 2.5 | 0.75) 1.6 0.75 50 | 1.8 (315.8 | 0.1705) ++4++4++4+ 
150 | 125 | 2.6/1.5 /1.6 [1.5 50 | 3.6 |317.8 | 0.1735) Negative. 
150 | 125 | 2.5 | 3.0 | 1.6 3.0 30 | 7.2 '320.8 | 0.1965 g 


fere with calcification. However, experimentally, we have found 
that calcification occurs most rapidly in the absence of magnesium. 
The introduction of magnesium either in the form of magnesium 


3 A preliminary report on the effect of magnesium on calcification ap- 
peared in the Howland Memorial Number, Bull. Johns Hopkins Hosp. 
1927, xli, 426. 


| | 
. 


Shelling, Kramer, and Orent 165 


chloride or magnesium sulfate, in excess of the normal concentra- 
tion in serum, definitely inhibits the process. ‘The inhibitory 
effect progressively increases as the magnesium concentration 
rises. The amount of additional magnesium which suffices to 
inhibit calcification is small as regards its effect on the ionic 
strength of the solution, as may be seen from Table III. It may 
be due to a specific effect of the divalent magnesium ion. It is 
possible that magnesium forms a slightly dissociable phosphate 
compound or that it influences the phosphate ion activity. This 
seems plausible from the consideration that the inhibitory effect 
of the magnesium ion can be overcome by suitable increments of 
inorganic phosphate. It is not unlikely that the magnesium ion 
exerts an injurious effect upon the cartilage cells themselves, there- 
by interfering with calcification even when physicochemical condi- 
tions are favorable. 


Effect of Bicarbonate. 


Solutions were made up in the usual way except that different 
quantities of bicarbonate were added to the various solutions. 
The pH was then adjusted by means of COz. These solutions 
consequently differed from one another as regards their content 
of both bound and free CO,. When analyzed for CO, according to 
the method of Van Slyke and Neill (12), the concentration was 
found to vary from 20 to 44 mM; the average was 30 mm. Appar- 
ently within these limits of bicarbonate concentration and at the 
optimal pH, the concentration of bicarbonate does not materially 
affect the process of calcification zn vitro. 


F. Calcification in Calcitum-Phosphate Solutions Containing 
Minimal Amounts of Other Electrolytes. 


The observation that calcification occurs more readily at a 
total molal concentration lower than that of blood serum, led us to 
study calcification in solutions containing only calcium and phos- 
phorus. A stock solution of H;PO,; was made so that 1 ce. of stock 
solution contains 5 mg. of phosphorus, and a calcium stock solution 
was prepared by adding 0.5 cc. of concentrated HCl to a solution 
containing 0.5 gm. of Ca(OH)s, and making up the volume toa 
liter. Toa liter flask containing about 500 cc. of water and 20 cc. 
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of indicator, the desired amounts of H3PQO, solution and 370 cc. of 
the calcium stock solution were added. ‘The solution was made up 
to volume and the pH adjusted with CO,. It was found that the 
pH of the solution could not be maintained unless 5 mm of [Nat] 
were added as NaOH. Thus the final solution contained theo- 
retically and by analysis (Ca**] 2.5 mm, [PO, =] 1.6 mm, [Na*] 
5 mM, [Cl-] 1.0 mm, and about 30 mm of [HCO37]. 

The first attempt yielded results in accordance with our expecta- 
tion. Excellent calcification occurred in the provisional zone of 
calcification within 183 hours, in solutions with a calcium and 
phosphorus product of 50. However, on repeating the experi- 
ments under similar conditions a few days later the results were 


TABLE IV. 
Calcifications in Solutions of Minimal Total Molar Concentrations and 
Varying Amounts of Calcium and Phosphorus, at pH 7.25 to 7.35 
and 37-38°, [Nat] 5.0 mm, [Cl~] 1.0 mm, + 10 mm. 


Total 
[Cat+) | [PO."] | CaxP} Calcification. |FreciPl| Remarks. 
tration. 
mM 
1.25 | 0.66; 10 16.91 | 0.0123 | Negative. + | After 4 hr. in- 
1.66 | 0.80} 15 17.46 | 0.0144 . + cubation pH 
1.75 | 0.98 | 21 17.73 | 0.0154 changed to 
2.5 0.8 25 18.30 | 0.0161 os + about 6.9. 
2.5 0.98 | 30 18.48 | 0.0169 gsi + 
2.5 1.6 50 18.96 | 0.0197 - = 


entirely negative. Subsequent attempts were similarly unsuccess- 
ful. After incubation a heavy precipitate appeared and _ the 
supernatant fluid became acid. However, no changes occurred in 
our control solutions containing the same amount of calcium and 
phosphorus and in addition other electrolytes to a total mM con- 
centration of over 200. In these the pH remained constant, and 
no visible precipitates appeared even after several days incubation. 
This suggested that the presence of other ions prevented rapid pre- 
cipitation of calcium salts. Consequently, the following experi- 
ments were carried out. 

To a solution containing calcium and phosphorus prepared as 
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described, NaCl was added in increasing amounts. One seriesof 
flasks was used for calcification zn vitro, and the other stoppered 
without introducing sections of bone. The results are given in 
Table IV. It is seen that when the product of the concentrations 
of calcium and phosphorus equals 50 and the concentration of 
[Nat] is 5 mM, precipitation occurred within half an hour and the 
reaction of the supernatant fluid became acid. When NaCl was 
added to the solution, rapid precipitation was prevented only 
when the concentration of this salt was increased to about 105 mM. 
Under these conditions the reaction and the concentration of the 
solution remained at optimum for the period necessary for calci- 
fication (18 to 20 hours). 


TABLE V. 


Effect of Increasing Total Molar Concentration on Calcification and Solubility 
of Calcium Salts. [Catt] 25 mu, [PO] 1.6 mm. 


Total 
[Cl-] |{HCOs-]}| Ca XP Calcification. | Precipitation. 
tration. 
mu mM mM 
40.5 | 40.5 | 10.0 50 95 | 0.0572 | Negative. + 
83.0 83.0 | 20.0 50 190 | 0.1047 + Negative. 
107.0 | 107.0 | 30.0 50 248 0.1342 +++-+ e 
227.0 | 224.0 | 30.0 50 485 | 0.2527 | Negative. ” 


In the next experiment the effect of temperature on precipitation 
was determined. Solutions were prepared as above. Some were 
kept at room temperature, others were placed in an incubator at 
38°, while a third group was first kept at a temperature of 34° for 
5 hours and then at 36° for an additional 14 hours. It was noted 
that while those incubatec at 38° formed a precipitate within half 
an hour, no change occurred in those kept at 34° or at room tem- 
perature. The results are given in Table V. On looking over 
our protocols we observed that our previous failures to obtain 
calcification zn vitro in more than ten attempts and our first suc- 
cessful attempt coincided with higher and lower temperatures 
respectively. Calcification occurred at a temperature not higher 
than 36° and was entirely absent at 37° and 38° because of rapid 
precipitation. 
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G. Effect of Magnesium on Precipitation and Stability of Calcium- 
Phosphate Solutions. 


The observation that the addition of small amounts of mag- 
nesium to optimal solutions inhibits calcification, presumably by 
combining with the phosphate and forming a slightly dissociable 
magnesium salt, and that less NaCl is needed to prevent precipita- 
tion when magnesium is also present in solution (Tables I and IV), 
suggested that magnesium may inhibit rapid precipitation of 
simple calcium-phosphate solutions at 37°. Consequently solu- 
tions were prepared containing [Ca++] 2.5 mm, [POs =] 1.6 mm 
(Ca * P = 50), [Nat] 5 mm, [Mgt*t*] 0.75 mM (1.8 mg. per 100 


TABLE VI. 

Effect of |Mg**| on Precipitation and Solubility of Calcium Phosphates 
Incubated at 37° for 17 Hours. ([Cat**] 2.5 mm, [PO] 1.6 mu, [Na*] 5.0 

mau, [(Cl~] 1.0 mu, and [HCO37| 10 ma. 


| 


Total 
— | (Mgt*] | Ca X Precipitation. Calcification. 

| | | tation. | 
| | | 

mM mM | 

7.25 | 7.25 | 0.75 | 0.75 | 50 | 18.1 | 0.0232 | Negative. | ++++ 
7.35 | 7.35 | 0.75 | 0.75 | 50 | 18.1 | 0.0232 2 
7.25168 |0.0 50 | 15.1 | 0.0202} ++++ | Negative. 
7.35/69 |0.0 |0.0 | 50 | 15.1 | 0.0202 | ++++ 


- 


ec.), | 0.75 mM, and [Cl-|1.0mm. The pH was kept between 
7.25 and 7.35. One series was employed for calcification in vitro 
and the other was used for observing the formation of a precipitate. 
Table VI shows that the addition of 1.8 mg. of magnesium per 
100 ce. of the solution, an amount equivalent to that found in blood 
serum, is capable of preventing the precipitation of calcium salts 
from solutions, long enough for calcification to occur. On the 
other hand similar solution without magnesium became acid 
within half an hour with the formation of a heavy precipitate. 
However, when the solutions were allowed to incubate too long or 
when the temperature was raised above 38°, 0.75 mm of magnesium 
failed entirely to prevent precipitation. 
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SUMMARY AND CONCLUSION, 


Shipley’s observation on the calcification of rachitie cartilage 
when incubated in normal rat serum supplied a new method for 
the study of calcification. The remarkable localization of the 
in vitro calcification and its failure to occur when the cells have 
been injured by protoplasmic poisons at once differentiates this 
process from that which occurs in pieces of dead cartilage, whether 
in vivo or in vitro, and proves that we are dealing with a process 
similar, at least in some respects, to that occurring in vivo. 

Two sets of conditions may affect calcification: (1) conditions 
affecting the cartilage cells themselves, (2) changes in the physico- 
chemical composition of the solution bathing the cells. Hitherto 
the latter has been the point of attack. The composition of the 
solution has been modified in various ways and the effeet upon 7n 
vitro calcification has been studied. We have shown that the 
reaction of the solution is one factor that determines calcification. 
There is an optimal reaction, that of normal blood serum. An 
increase of the total ionic strength of the solution whether pro- 
duced by inereased amounts of sodium chloride or potassium 
chloride inhibits calcification. This inhibition occurs at lower 
concentrations of sodium chloride or potassium chloride if the con- 
centrations of calcium and phosphate are also lower. Calcifica- 
tion occurs more readily in the absence of magnesium. The in- 
hibitory effect of magnesium can be overcome by the addition of 
suitable amounts of phosphate, the mechanism of which cannot 
be explained at present. This inhibitory effect may be due either 
to the toxie effeet of magnesium ion upon cartilage cells, or the 
formation of an unionized magnesium compound. 


BIBLIOGRAPHY, 


1. Pommer, G., Untersuchungen tiber Rachitis und Osteomalacia, Leipsie, 
ISS). 

2. Schmorl, G., Ergebn. inn. Med. u. Kinderheilk., 1909, iv, 409. 

3. Howland, J., and Kramer, B., Wonatsechr. Kinderheilh., 1923, xxv, 279. 

4. Shipley, P. G., Kramer, B., and Howland, J., Biochem. J., 1926, xx, 379. 

» Hastings, A. B., Murray, C. D., and Sendroy, J., Jr.. J. Brlol. Chem., 
1927, Ixxi, 723. 

6. Holt, L. E., Jr., La Mer, V. K., and Chown, H. B., J. Biol. Chem., 1925, 
Ixiv, 209, 


é 
« 
3 
5 


170 Calcification in Vitro. III 


7. Steenbock, H., and Black, A., J. Biol. Chem., 1925, lxiv, 263. 
8. McCollum, E. V., Simmonds, N., Shipley, P. G., and Park, FE. A., J. 
Biol. Chem., 1921, xlvii, 507. 
9. Kramer, B., Shelling, D. H., and Orent, E. R., Proc. Soc. Exp. Biol.and 
Med., 1926, xxix, 240. 
10. Shipley, P. G., and Holt, L. E., Jr., Bull. Johns Hopkins Hosp., 1927, 
xl, 1. 
11. Van Slyke, D. D., Hastings, A. B., Murray, C. D., and Sendroy, J., Jr., 
J. Biol. Chem., 1925, Ixv, 701. 
12. Van Slyke, D. D., and Neill, J. M., J. Biol. Chem., 1924, 1xi, 523. 


a 
ti 
Sl 
ti 
as 
| fa 


THE TRANSFORMATION OF CREATINE INTO CREAT- 
ININE BY THE MALE AND FEMALE HUMAN 
ORGANISM. 


By WILLIAM C. ROSE, RUTH H. ELLIS, anp OSCAR C. HELMING. 


(From the Laboratory of Physiological Chemistry, University of Illinois, 
Urbana.) 


(Received for publication, February 16, 1928.) 


Since the publication of the classical paper of Folin (1906), in 
which he concluded that creatine and creatinine are independent 
of each other in metabolism, a number of articles have appeared 
indicating that, contrary to Folin’s views, a limited amount of 
creatine may be transformed into its anhydride in the animal or- 
ganism. (For a review of the literature see Hunter, 1922.) The 
most noteworthy contribution dealing with this problem is the 
recent paper of Benedict and Osterberg (1923). These authors 
have shown that in dogs the long continued oral administration of 
creatine leads to a very gradual increase in creatinine excretion 
which, after several weeks, may exceed the normal output by 22 to 
33 per cent. This observation permits of no reasonable doubt 
that dogs can dehydrate creatine; but the remarkable feature is 
the fact that days or even weeks are required for the completion 
of the transformation. 

In man no investigations of a similar sort have been reported, 
In experiments conducted several years ago, and involving the 
administration of large doses of creatine over brief periods of 
time, Rose and Dimmitt (1916) observed unmistakable increases 
in creatinine elimination. The paper of Benedict and Osterberg 
suggested to us the desirability of determining whether the reac- 
tion is as slow and difficult for the human organism to accomplish 
asitisfor the dog. But we were especially interested in comparing 
the behavior of the male and female human subjects. Such a 
comparison should be of interest in connection with the well knowr 
fact that women are more subject to creatinuria than are men. 
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If the creatinuria of the female is due to a failure in creatine de 
hydration, this fact should be manifested following the prolonged 
administration of creatine. On the other hand, if the difference 
between the sexes is due to unlike powers of retention, this also 
should be capable of demonstration. With these points in mind, 
two prolonged experiments were carried out, one upon a male and 
the other upon afemale. The results, which are outlined below, 
are so clear cut and agree so closely with the data secured by Bene- 


TABLE I. 
Composition of Diets. 


Male subject. Female subject. 
gm. gm. 
Beans (canned Lima, cooked)................... 125 125 


* Most of the nitrogen and energy data are taken from Atwater, W. 0, 
and Bryant, A. P., U.S. Dept. Agric., Office Exp. Stations, Bull. 28 (Revised), 
1906; but the milk, mayonnaise, jelly, beans, and bran were analyzed for 
total nitrogen. 


dict and Osterberg upon dogs, that it seemed to us unnecessary to 
make additional experiments of this kind. 

The subjects were normal graduate students in this laboratory, 
and were selected for the purpose in question because of their sim 
larity in body weight. Both were subjected to exactly the same 
treatment as regards dosage and length of time of the creatine 
‘administration. The diets employed are shown in Table I. 4: 
will be observed, they are identical with the exception that the 
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male subject ingested a somewhat larger quantity of potatoes than 
did the female. The creatine was a commercial product which 
had been purified by repeated recrystallizations until entirely free 
of creatinine, and then dried in vacuo. Three such preparations 
were employed. Analyses showed the presence of traces of water 
of crystallization in each, for which allowance was made in calculat- 
ing the creatine intake. As indicated in Tables II and III, the 
daily dosage of anhydrous creatine (present in 1 gm. quantities of 
the three preparations) amounted to 0.97, 0.95, and 0.96 gm. The 
creatine was taken in two equal amounts mixed with the food at 
the morning and noon meals. Great care was exercised in the 
urine analyses to insure the maintenance of identical conditions 
throughout. But for a few unavoidable exceptions the volumes 
were always made up to the same quantity. Total nitrogen was 
determined by the Kjeldahl-Gunning method, while total and 
preformed creatinine were estimated by the Folin (1914) proce- 
dures. In the latter, creatinine of known purity was employed 
as the standard. The subjects ingested the constant diets for 
several days preceding the collection of the first urines. 

The results of the two experiments are detailed in Tables II and 
III. In each experiment the creatine administration was begun 
after two preliminary periods of 7 days each and was continued 
for seven periods of 7 days each. Five after periods followed 
during which no creatine was given. In the male subject (Table 
II), the remarkable fact is brought out that no unchanged crea- 
tine was excreted during the entire experiment. Perhaps this 
would not occur invariably in males, inasmuch as the power of 
retention might depend somewhat upon the degree of saturation 
of the tissues when the creatine administration was inaugurated. 
The creatinine output showed no appreciable increase until the 
third period of creatine feeding, and from that time slowly but 
steadily increased until the end of the first after period. Indeed, 
the average daily output was slightly larger for the first after period 
than for the preceding weeks during which creatine was adminis- 
tered. The maximum for a single day was on the last day of the 
first after period when the output amounted to 2.22 gm., or an 
increase over the average for the preliminary periods of 0.44 gm. 
(24.7 per cent). | 

During the second after period the creatinine began to decline 
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TABLE II. 
Fate of Ingested Creatine. 
Subject 1, Male. 
This subject excreted no creatine as creatinine throughout the experi- 


ment. 
Creati- 
Date. oO y ine nine Re ks. 
kg. gm. gm, gm. 
Feb. 28 | 72.7 1.82 First preliminary period. 
Mar. 1 1.84 
4 2 1.80 
3 1.80 
4 1.76 
1 5 1.70 
6 1.75 
0 12.15 1.78 | 24.5 | Average of 7 days. 
Mar. 7 | 72.3 1.74 | Second preliminary period. 
8 1.73 
9 1.77 | 
10 1.78) 
1.80. 
12 1.82. 
13 1.73 | 
0 12.14. 1.77 24.5 | Average of 7 days. 
Mar. 14 | 72.3 1.72 First period of creatine 
1.74 administration. 
1.75 
17 1.68 
18 
ee 1.72 | 
1.81 
0.97* 12.19 1.74 24.1 Average of 7 days. 
Mar. 21 | 72.1 1.81 Second period of creatine 
1.76 administration. 
Sample lost. 
1.75 
1.81 
1.80 
1.84 
0.97*| 11.81) 1.80 | 25.0 | Average of 6 days. 


* Same amount for each day of period. 
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TABLE lIl—Continued. 


y ine nine R ks. 
Date weight. Tota Creat emarks 
kg. gm. gm. gm, 
Mar. 28 | 72.7 1.84 Third period of creatine 
1.87 administration. 
1.89 | 
1.89 | 
Apr. 1 1.87 | 
7. 2 1.81 | 
3 1.84 
0.97*, 11.23| 1.86 25.7 | Average of 7 days. 
Apr. 4 | 72.2 | 0.97 1.85 Fourth period of creatine 
ws 5 0.97 1.90 administration. 
6 0.95 1.77 
. 7 0.95 2.05 
8 0.95 1.99 
9 0.95 2.00 
0.95 1.92 
0.96 | 11.92) 1.93 | 26.7 | Average of 7 days. 
Apr. 11 | 72.8 1.88 Fifth period of creatine 
2.02 administration. 
1.98 
eee 1.96 
1.98 
2.09 
2.11 
0.95*, 12.20) 2.00 | 27.5 | Average of 7 days. 
Apr. 18 | 72.5 2.14 Sixth period of creatine 
1.95 administration. 
1.98 
2.01 
1.95 
2.01 
2.11 
0.95*| 11.91, 2.02 27.9 | Average of 7 days. 


*Same amount for each day of period. 
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TABLE II—Continued. 
Urine. Creati- 
gested. | Total | Creati-| 
kg. gm. gm. gm. ei 
Apr. 209 | 72.4 | 0.95 2.10 Seventh period of creatine 
0.95 2.17 administration. 
0.95 2.05 
0.95 2.16 
ae 0.96 1.98 
0.96 2.17 
May 1 0.96 2.03 
0.95 | 11.17 2.09 | 28.9 Average of 7 days. 
May 2 | 72.9 2.06 First after period. 
3 2.10 
4 2.01 
5 2.17 
6 2.21 
7 2.21 
8 2.22 
0 11.74 2.14 29.4 Average of 7 days. 
May 9 | 72.4 2.17 Second after period. 
2.13 
1.93 
1.94 
13 1.85 
14 2.02 
2.04 
0 12.24 2.01 27.8) Average of 7 days. 
| 
May 16 | 72.2 1.95 Third after period. 
2.01 
1.99 
1.88 
1.83 
1.97 
1.89 
0 11.74 1.93 26.7 | Average of 7 days. 
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TABLE lI—Conceluded. 


Urine. 


Creati- 
gested. | Total | Creati-| 
kg. gm. gm. gm, 
May 23 | 72.4 1.96 Fourth after period. 
24 1.94 
1.88 
1.90 
1.75 
1.84 
1.75 


0 11.55 1.86 | 25.7 Average of 7 days. 


May 30 | 72.2 1.88 Fifth after period. 
1/83 
June 1 1.91 
2 1.80 
2 3 1.75 
4 Sample lost. 
5 


| 1.79 | 


0 11.04 1.83 | 25.3 | Average of 6 days. 


and continued to diminish slowly and somewhat irregularly to 
the end of the experiment. On the last day of the fifth after period 
the output was practically identical with the average daily excre- 
tion of the fore periods. 

The results of the experiment upon the female (Table III) 
manifest some interesting variations from the data secured with 
the male subject. During the preliminary periods, the female 
excreted small and variable amounts of creatine. With the be- 
ginning of the creatine feeding, no alteration in the creatine out- 
put was observed until the third period. It then began to increase 
quite rapidly and reached a maximum in the fourth period, when 
approximately one-third of that administered reappeared un- 
changed in the urine. During the last three periods of creatine 
feeding the average output remained fairly constant although the 
figures from day to day show rather wide fluctuations. On the 
2nd day of the first after period the creatine excretion dropped to 
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TABLE III. 
Fate of Ingested Creatine. 
Subject 2, Female. 
Urine. 
Creati- 

Date. | Crea- | mine R ks. 
nine. 

kg. gm. gm | gm. gm, 
Feb. 28 | 72.9 1.25 | 0.09 Tirst preliminary 
Mar. 1 | 1.27 | 0.12 period. 
eae 1.27 | 0.08 
ae. 1.25 | 0.08 
> 1.25 | 0.07 
7 1.26 | 0.10 
| 0.08 
0 11.97 1.26 | 0.09 | 17.3 | Average of 7 days. 
Mar. 7 | 72.1 1.26) 0.05 Second preliminary 
1.26 0.06 period. 
ce | 1.26 | 0.05 
1.28 | 0.07 
1.30 | 0.03 
1.31 | 0 
1.26 0.07 
0 11.53 1.28 0.05 | 17.8 | Average of 7 days. 
Mar. 14 | 72.7 1.25 0.06 First period of crea- 
1.26 | 0.07 tine administration. 
ae 1.36 | 0.05 
me 1.31 | 0.05 
we 1.37 | 0.03 
1.28 0.05 
0.08 
0.97* 10.89 1.31 0.06 | 18.0 | Average of 7 days. 
Mar. 21 | 73.3 1.33 | 0.05 Second period of crea- 
1.38 | 0.10 
a 1.37 | 0.08 
“ 2 1.42 | 0.10 
rT; 
0.97*| 11.47, 1.37 | 0.06 | 18.7 | Average of 6 days. 


* Same amount for each day of period. 
7 Menstruation; urine not collected. 
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Urine. 
Body | ‘tine oy 
Date. ‘cht. Crea- Remarks. 
nine. 
kg. gm. gm. gm. gm, 

Mar. 287) 73.3 Third period of crea- 
tine administration. 
“« ® 1.42 | 0.16 
1.40 | 0.27 

Apr. 1 1.41 | 0.19 
we 1.40 | 0.32 
ee 1.38 | 0.36 

0.97*; 12.16) 1.40 | 0.26 | 19.1 | Average of 5 days. 

Apr. 4) 73.3 | 0.97 1.46 | 0.35 TFourth period of crea- 
lst 0.97 1.42 | 0.30 tine administration. 
wg 0.95 1.48 | 0.27 
ait 0.95 1.41 | 0.40 
wee 0.95 1.49 | 0.30 
eee 0.95 1.48 | 0.43 
ae 0.95 1.44 | 0.34 

0.96 | 11.61) 1.45 | 0.34 | 19.8 | Average of 7 days. 

Apr. 11 | 73.5 1.46 | 0.34 Fifth period of crea- 
1.49 | 0.30 tine administration. 
= 1.44 | 0.31 
1.50 | 0.29 
“ 6 1.53 | 0.30 
° 1.55 | 0.26 
7 1.54 | 0.19 

0.95*; 10.95) 1.50 0.28 | 20.4 Average of 7 days. 

Apr. 18 | 73.4 1.52 | 0.20 Sixth period of crea- 
Semple lost. tine administration. 
1.47 | 0.33 
"= 1.48 | 0.22 
“ 22 1.49 | 0.21 
23+ 
24t 

0.95*) 11.90} 1.49 | 0.24 | 20.3 Average of 4 days. 


*Same amount for each day of period. 
t Menstruation; urine not collected. 
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TABLE l1I—Continued. 
Urine. 
Creati- 
Date. 4 _ | Crea- Remarks. 
nine 
kg. gm. gm. gm. gm. ak: 
Apr. 251) 73.4 | 0.95 Seventh period — of 
0.95 1.55 | 0.37 creatine administra- 
ae 0.95 1.53 | 0.33 tion. 
ae 0.95 1.43 | 0.27 
@ 0.96 1.56 | 0.33 
0.96 1.52 | 0.50 
May 1 0.96 1.46 | 0.22 
0.95 | 12.39| 1.51 | 0.34 | 20.6 | Average of 6 days. 
May 2 | 73.2 1.53 | 0.438 First after period. 
oe 1.50 | 0.05 
1.50 | 0.06 
1.48 | 0.03 
1.56 | 0 
1.59 | 0.06 
te 1.54 | 0 
0 11.57, 1.53 | 0.09 | 20.9 | Average of 7 days. 
May 9 | 73.8 1.52 | 0.09 Second after period. 
1.44 | O 
1.49 | 
1.46 | 0 
1.57 | 0 
“ 1.50 | 0 
1.53 | 0 
0 12.10 1.50 | 0.01 | 20.3 | Average of 7 days. 
May 16 | 73.8 1.46 0 Third after period. 
1.46 | 0 
18+ 
197 
1.41 0 
| 1.38/0 | 
(0 11.89} 1.43) 0 19.4) Average of 4 days. 


+ Menstruation; urine not collected. 
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TABLE lUI—Concluded. 


Urine. | 


Creati- 
Date. Pe. _ | Crea- Remarks. 
gested. | Teel | Creati-| tine cient. 
nine. 
kg. gm. gm. gm. gm, 
May 23 | 73.4 1.38 | 0 Fourth after period. 
“ 2 1.40 | 0 
1.42 | 0 
* @ 1.38 | 0 
1.57 | 0 
1.42 | 0 
~ ae 1.36 | 0 
0 12.73, 1.39 | 0 18.9 | Average of 7 days. 
May 30 | 73.4 1.48 + 0 Fifth after period. 
1.40 | 0 | 
June 1 1.41 | 0 
ae 1.35 | 0 
1.34 0 
oe 1.33 | 0 
1.43 | 0 
| 0 11.37 1.39 | 0 | 18.9 | Average of 7 days. 


its normal level, and after the 1st day of the second period failed to 
appear again in the urine. The latter fact is peculiar and unex- 
pected in view of the almost constant excretion of small amounts 
during the preliminary periods. 

The urinary creatinine showed a tendency to rise during the Ist 
week of creatine administration, and the increase became unmis- 
takable during the 2nd week. The output continued to rise 
until the fifth period, and remained fairly constant from that time 
until the end of the second after period. As in the male subject, 
so in this individual, the maximum daily excretion was secured 
during the first after period when on the 6th day it amounted to 
1.59 gm., or an increase of 0.32 gm. (25.2 per cent) over the aver- 


age output for the preliminary periods. Following the with- 


drawal of creatine from the ration, the excretion of creatinine 
diminished to the end of the experiment, when it was almost down 
to the level of the fore periods. 
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In accordance with the procedure of Benedict and Osterberg 
we have calculated the percentage of the retained creatine which 
was transformed into creatinine by the two subjects. Inasmuch 
as neither of our subjects manifested decided alterations in body 
weight we have thought it advisable to compute the expected 
creatinine on the basis of the amounts actually excreted during 
the preliminary periods, rather than on the basis of the creatinine 
coefficients. A summary of the calculations in the two experiments 


TABLE IV. 


Percentage Recovery of Administered Creatine, and Percentage Transforma- 
tion of the ‘‘ Retained Creatine’’* into Creatinine as Calcu- 
lated from Tables II and III. 


Figures for creatine are expressed as creatinine. 


os © © © 
aise |e a le 
qm. qm gm gm gm gm, gm. gm. |per cent) per cent 
1, male. 40.58 0 0 0 /|40.58187.3)173.9) 13.4 33.0 | 33.0 
2, female. | 40.58 12.7, 6.7 | 6.0 |34.58138.7/124.1| 14.6 42.2 | 50.8 


*In accordance with the procedure of Benedict and Osterberg (1923) 
we have used the term ‘‘retained creatine’’ to denote the creatine not ex- 


creted as such. 
+ In calculating the total excretion of creatine and creatinine allowance 


was made for the days in which, because of accidental loss or the menstrual 
cycle, the urines were not collected. In each instance of this sort the figure 
representing the average output for the other days of the same period was 
employed in the calculation. 


is presented in Table IV. As will be observed, 33.0 and 42.2 per 
cent of the retained creatine were transformed into creatinine in 
the male and female subjects respectively. These figures are 
rather close to those secured by Benedict and Osterberg in dogs, 
which manifested transformations of 29.1 to 34.2 percent. The 
dosage of creatine in our experiments was relatively much smaller 
than that employed by Benedict and Osterberg. The latter ad- 
ministered 37.5 to 43.0 mg. (expressed as creatinine) per kilo of 
body weight per day. In our subjects, the daily dosage amounted 


» 
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to 11.4 mg. per kilo. Thus it is rather striking that the two series 
of investigations involving such widely different dosages should 
show such closely agreeing values for creatine dehydration. Bene- 
dict and Osterberg suggest that creatine is metabolized in two or 
more ways, and that from 3 molecules of creatine only 1 mole- 
cule of creatinine results. The present investigation appears to 
ocnfirm this opinion. 

Our data indicate quite clearly that the creatinuria of females 
is not associated with an inability to transform creatine into 
creatinine. Perhaps the fact that the female excreted a some- 
what larger amount of extra creatinine than the male is not signifi- 
cant; but at least she was just as effective in accomplishing the 
transformation as was the subject of opposite sex. On the other 
hand, the female eliminated 6.0 gm. of unchanged creatine in 
excess of the expected amount, while the male excreted none. ‘The 
total recovery of administered creatine amounted to 50.8 per cent 
in the female as compared with 33.0 per cent in the male. ‘This 
fact suggests that females may be less efficient than males in stor- 
ing or metabolizing that portion of the creatine which does not 
yield creatinine. If this conception is correct, one might expect 
to observe the excretion of creatine in women under circumstances 
which do not induce creatinuria in men. Perhaps the intermit- 
tent excretion of creatine by females and the creatinuria of high 
protein diets may be explained upon this basis. 

The body weights of our subjects do not indicate that creatine 
ingestion exerts an influence upon nitrogen retention in the human 
organism such as was observed by Benedict and Osterberg in dogs. 
The weight of the male was quite constant throughout the experi- 
ment. The female showed a slight gain, but scarcely enough to 
justify the assumption that the administered creatine was in- 
strumental in the change. It must be recalled, however, that the 
dosage employed by Benedict and Osterberg was approximately 
3.5 times as large as that used by us. This difference may account 
for the greater influence upon nitrogen retention observed by the 
former investigators. 


SUMMARY. 


1. Long continued feeding experiments have shown that male 
and female human subjects possess the power of transforming crea- 
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tine into creatinine to approximately the same degree. ‘This finding 
indicates that the creatinuria of women is not to be attributed to 
a failure in the conversion of creatinine into its anhydride. 

2. Approximately one-third of the retained creatine was re- 
covered as creatinine. This would seem to indicate, as Benedict 
and Osterberg suggest, that creatine is metabolized by two or 
more methods only one of which yields creatinine. 

3. In the female, creatine reappears unchanged in larger 
amounts following its oral administration than in the male sub- 
jected to the same dosage. ‘This suggests that the powers of re- 
tention and storage of creatine, or the ability to catabolize it by 
methods which do not yield creatinine, may be less effective in 
women than in men. Obviously, our data upon a single subject 
of each sex are not sufficient to justify one in making a positive 
assertion in this regard. 
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THE PRODUCTION OF GLUCONIC ACID BY THE PENI- 
CILLIUM LUTEUM-PURPUROGENUM GROUP. 
II. SOME OPTIMAL CONDITIONS FOR ACID FORMATION.* 
By HORACE T. HERRICK anp ORVILLE E. MAY. 


(From the Color and Farm Waste Division, Bureau of Chemistry and Soils, 
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Within the last 4 years, several investigators (1) have noted the 
formation of mixtures of gluconié¢, citric, and oxalic acids in varying 
quantities, when Aspergillus niger and strains of the so called 
Penicillium glaucum were grown on sucrose and glucose solutions. 
They found that the ratio of the quantities of the different acids 
produced was widely changed by varying the experimental con- 
ditions; these influences were so pronounced that the oxidation 
could be almost completely directed to one of the three acids as 
the predominant end-product. In a previous paper of this series 
(1), the fact was announced that a certain strain of the Penicillium 
luteum-purpurogenum group (Penicillium purpurogenum var. rubri- 
sclerotium Thom, No. 2670), when cultured on glucose solutions, 
formed large quantities of gluconic acid to the exclusion of other 
acids which usually result from mold fermentations. 

As it seemed unlikely that the exact conditions for the exclusive 
formation of gluconic acid by our organism had been accidentally 
used, it was thought advisable to vary several of the experimental 
factors so as to bring about the maximum production of acid and 
at the same time ascertain whether other acids were formed under 
these changed conditions. ‘To this end experiments were devised 
whereby the temperature, concentration of glucose, and inorganic 
nutrient media were varied, and the results in each case were noted. 


The following methods were used. 


* Read hefore the Section of Biological Chemistry of the American 
Chemical Society, September 5-12, 1927, Detroit, Michigan. 
+ Contribution 147. 
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Experimental Procedure.—All the experiments recorded were 
conducted in modified Erlenmeyer flasks made of Pyrex glass 
and having a capacity of 3 liters. They were specially designed 
some years ago for work of this type; the shape was such as to 
give the maximum surface area for the volume of solution em- 
plored and the necks were wide to facilitate cleansing as well as 
to permit a good diffusion of air. These flasks were stoppered 
with moderately hard rolled cotton plugs. 1000 ec. of culture 
solution were used throughout, giving a ratio of surface area to 
volume of 0.28. The solutions were sterilized at a pressure of 15 
pounds of steam for 15 minutes. The period of culture was 14 
days. In all experiments except those stated as otherwise, the 
inorganic nutrient salts employed were as follows: 


Gm. per liter of glucose solution. 


MgS0O,-7 H.2O........ 0.5 (0.0049 per cent Mg, 0.0065 per cent 3). 
0.1 (0.0046 “ “ 0.0017 per cent P). 


This salt solution was arbitrarily chosen from among the many 
such solutions that may be employed because of its low nitrogen 
content, which apparently favors production of acid by fungi 
cultured on sugar solutions (2-5). The cultures were made at a 
temperature of 25° except in experiments performed to determine 
the effect of temperature on the production of acid. The con- 
centration of commercial glucose was 200 parts per 1,000 parts of 
solution, except when stated otherwise. This glucose was approxi- 
mately 91.5 per cent pure and the remainder was almost entirely 
water. All yields were calculated on the basis of pure glucose. 
Cultures of the fungus were maintained on wort extract-agar 
slants, new transfers being made at approximately 15 day intervals. 

Treatment of Fermented Culture Liquors.—The fermented solu- 
tion was filtered, and the mycelium! was squeezed out on a 
Buchner funnel and washed with a small quantity of hot distilled 
water. The volume of the solution was noted, and samples were 
withdrawn for the determination of acid and glucose. ‘The 
mycelium was then thoroughly rmnsed with hot distilled water 


1 Mycelium and mycelia in this paper are used to designate the felt of 
fungus growth developing on the surface of the liquid substratum whether 
this felt is sporulating or vegetative. 
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and placed in the oven for 3 days at 80°, after which it was weighed 
to the nearest gm. The acid was in most instances recovered as 
the calcium or barium salt. 

A modification of the Denigés test (6) was used for the detection 
of citric acid. Approximately 900 cc. of the culture solution were 
treated with an excess of calcium carbonate, heated to boiling, 
and filtered while hot. Sufficient sulfuric acid was added to the 
residue to produce a slightly acid reaction. The calcium sulfate 
was removed by filtration, and the entire filtrate, which contained 
the greater part of the citric acid in the culture solution, was tested 
according to the method of Denigés. 

The culture solution was tested for oxalic acid by neutralizing 
a portion of the solution with ammonium hydroxide and adding 
calcium chloride. If present it would also be detected very easily 
in the modification of the Denigés test referred to above. 

Determination of Gluconic Acid.—The quantity of this acid was 
determined by titration of the culture solution with 0.1 N sodium 
hydroxide at room temperature. I:xcess alkali was added, and 
the solution was maintained at a temperature of 50-55°. At this 
temperature it was found that any glucose present did not react 
with appreciable quantities of the sodium hydroxide and that the 
gluconic acid lactone was completely hydrolyzed to the acid in 
from 1 to 2 minutes. After 2 minutes at this temperature, the 
solution was titrated with 0.1 n sulfuric acid and the gluconic 
acid resulting from the hydrolysis of the lactone was added to the 
first titration. As a rule the lactone equalled from 5 to 10 per 
cent of the total quantity of gluconic acid. The total acid was 
then calculated in gm. of gluconic acid, since no citric or oxalic 
acids were found in appreciable quantities. To check these 
results several determinations of gluconic acid, as caleium glucon- 
ate, were made by neutralizing an aliquot portion of the culture 
liquor with calcium carbonate, heating to boiling, filtering, and 
precipitating the salt with 3 volumes of 95 per cent ethanol. The 
mixture Was allowed to stand for 2 days to insure complete pre- 
cipitation and was then filtered in a weighed Gooch crucible. 
The precipitate was washed with 60 per cent ethanol, after which 
it was dried to constant weight at 90°. The agreement between 
the quantity of acid calculated from the titration and the quantity 
actually recovered was satisfactory. 
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Determination of Glucose.—The glucose remaining unchanged in 
the culture liquor was determined according to the Benedict- 
Lewis method, the Willaman-Davison (7) modification being used. 

The yields were calculated as the ratio of glucose used for the 
production of gluconic acid to the total quantity of pure glucose 
originally in the solution. 

Effect of Temperature.—The first variable considered was the 
temperature. [xperiments were carried out at 20°, 25°, 30°, and 
35°. Table I shows the effect of temperature on acid formation. 

Temperatures in the vicinity of 25° seem to be the most favor- 
able for the formation of acid. The production of acid at 20° 
proceeds at a rate appreciably slower than that at 25°. When 


TABLE I. 
Effect of Temperature. 

Temperature. Experiment No. Duration. Acid. Yield. 
days gm, per cent 
20 1 14 98.2 49.3 

3 14 104.0 o2.1 
21 102.2 51.3 
29 1 14 115.0 57.9 
2 14 113.6 57.0 
4 14 111.5 56.0 
30 1 14 41.6 20.9 
3 14 42.8 21.9 
+ 14 40.6 20.4 


maintained at these temperatures a thin continuous film of myce- 
lium develops in about 3 days after inoculation; soon this is vigor- 
ous, grayish white, and has little or no sporulation. On the other 
hand, at 30° the initial development is more rapid; a continuous 
mycelium is formed in 2 days and follows the same course as at 
the lower temperatures until about the 8th day when the mycelium 
slowly begins to sink so that by the end of a fortnight it is com- 
pletely submerged and inactive in the production of gluconic acid. 
The rate of production of acid decreases rapidly as the mycelium 
becomes submerged and the final yield of acid is much less than 
one-half that obtained at 25°. Experiments in which the organism 
was allowed to develop for the first 3 days at 30° and thereafter at 
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25° showed that approximately the same yields were obtained as 
when the entire course of the oxidation took place at 25°. At 35°, 
a film of continuous mycelium was developed in 2 days and im- 
proved slowly up to the 5th day after inoculation, after which it 
acquired a water-logged appearance and began to sink. The yield 
of acid at this temperature was very small. 

Effect of Concentration of Glucose.—Attention was next devoted 
to the concentration of glucose at which the most satisfactory 
yields of acid could be obtained. Table II gives the results. 


TABLE II. 
Effect of Concentration of Glucose. 


Commercial 
of solution. 
parts ym. gm. gm. per cent 
100 41.6 36.0 5.0 41.8 
100 40.5 36.9 40.7 
150 66.7 46.8 5.0 44.6 
150 73.4 44.6 49.1 
200 108.0 45.9 6.0 54.2 
200 113.0 39.6 56.7 
250 128.6 73.8 7.0 51.6 
250 129.7 61.2 52.0 
300 105.8 140.4 6.0 30.1 
300 103.0 145.8 34.5 
390 74.8 200.7 5.0 23.4 
390 71.1 205.2 20.4 
400 41.8 280.8 4.0 10.5 
400 00.1 279.0 12.6 


There is little choice between the 20 per cent and 25 per cent 
glucose solutions, good percentage yields being obtained from 
both. The actual quantity cf acid, however, is somewhat higher 
with the 25 per cent solution. The most vigorous mycelial 
growth took place on the 25 per cent cultures, but it was closely 
followed by the 30, 20, and 15 per cent, respectively. The mycelia 
were not nearly so vigorous on the 10 per cent solution as would 
have been expected; the tendency on this concentration of glucose 
seemed toward a weak and more or less water-logged mycelium 
resembling somewhat the mycelia on the 40 per cent concentrations. 
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The development of the fungus on the 35 per cent and 40 per cent 
solutions was much slower than on the others, and consequently 
the production of acid began at a later period. 

Effect of Salts in the Solution.—In search for the inorganic salt 
solution most efficient as a nutrient, it was immediately found that 
the potassium chloride could be entirely eliminated from the for- 
mula since sufficient potassium was available in the dipotassium 
phosphate. In fact a slight increase in acid production was 
observed in every case where the potassium chloride was absent. 
The elimination of the dipotassium phosphate or magnesium sul- 
fate from the culture solutions resulted in the formation of 
extremely scanty mycelia and no production of acid. When 
sodium nitrate was excluded, no growth occurred. The fact that 
development of the organism was so greatly inhibited under those 


TABLE III. 
Variation in Content of Magnesium (MgSQO,4-7 H20). 
Weight 
Mg Acid. of Yield. 
per cent gm. gm, gm. per cent 
0.00098 97.2 58.2 5.0 48.0 
0.00245 108.3 48.6 7.0 53.0 
0.0073 ; 110.0 36.7 7.0 55.0 
0.0098 103.7 48.6 7.0 51.5 


conditions is a good indication of the relatively high purity of the 
commercial glucose employed throughout this work. 

The first salt to be varied in concentration was the magnesium 
sulfate. The results are given in Table III. As will be noted, 
no great difference in production of acid was found by varying 
the percentage of magnesium over wide ranges. It was observed, 
however, that when the concentration of this element fell below 
about 0.0024 per cent a distinct decline in the yield of acid occurred. 
This observation was confirmed in several other experiments. 

The next element, the concentration of which was varied, was 
phosphorus. For this purpose disodium phosphate was used, and 
potassium chloride was added in sufficient quantity to maintail 
the usual percentage of potassium. The maximum yield of acid 
was obtained, as will be seen from Table IV, at a concentration of 
0.00086 per cent P; this quantity was about one-half the quat- 
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tity of phosphorus in the standard culture medium. When 
the concentration fell below 0.00043 per cent, the yield of acid 
declined sharply, and the mycelium took on an entirely different 
appearance. Phosphorus starvation caused the development of 
an extremely thin though durable mycelial felt having a decided 
greenish to greenish yellow tint on the surface. In these extremely 
low phosphorus cultures Denigés’ tests for citric acid gave slightly 
positive results. It was also repeatedly observed that as the 


TABLE IV. 


Variation in Content of Phosphorus (NazHPO,-12 H20). 


Sugar 


Weight 


P Acid. remaining. of mycelium. Yield 

per cent gm, gm. gm, per cent 
0.000017 17.2 124.0 1.0 8 6 
0.00017 31.0 119.0 1.0 15.5 
0.00043 92.6 65.8 3.0 46.5 
0.00086 125.9 40.0 4.0 63.2 
0.00172 104.3 46.5 0 52.3 
0.0034 101.1 52.5 5.0 50.8 
0.0172 88.0 75.0 5.0 44.2 

TABLE V. 
Variation in Content of Phosphorus (H3P0,). 
Weigh 

P Acid. of Yield 

per cent gm, gm, gm, per cent 
0.000017 16.8 159.2 1.0 8.4 
0.00086 126.9 41.9 4.0 63.7 
0.0017 123.0 44.7 2.0 61.7 
0.0034 113.1 44.8 5.0 56.8 


concentration of phosphorus was increased beyond a certain 
point the acid production decreased distinctly, but in all cases the 
mycelia appeared more vigorous and were somewhat heavier. 

These observations were checked, phosphoric acid being used as 


a source of phosphorus. 


As shown in Table V, corresponding data 


were obtained for each concentration studied, indicating that the 
changes observed could not be due to an increase in concentration 
of sodium, as was first thought. 

The concentration of potassium was varied over a considerable 
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range and was supplied in the form of potassium chloride. Below 
0.00026 per cent K the mycelia were underdeveloped and thin 
and had a slightly water-logged appearance, and the yield of acid 
decreased considerably (Table VI). As in the case of the phos- 
phorus, the quantity of acid formed decreased slightly but con- 
sistently above a certain concentration of potassium chloride. 
Variation in the concentration of nitrogen had a decided effect 
on the yield of acid, as will be seen from Table VII. Below 0.008 


TABLE VI. 
Variation in Content of Potassium (KCl). 
| | | Weig! | 
K | Acid. seins. | of Ro | Yield. 
per cent qm. | gm, gm. per cent 
0.000026 28.1 | 146.2 2.0 14.1 
0.00026 30.0 5.0 64.9 
0.00052 128.9 | 30.0 6.0 64.7 
0.0026 | 124.6 | 29.0 7.0 62.5 
0.0052 | 119.8 | 39.5 7.0 60.1 
0.0104 | 117.4 | 40.0 8.0 57.3 
TABLE VII. 
Variation in Content of Nitrogen (NaNQs). 
| | Ss Weig! | 
N | Acid. | of | Yield. 
per cent qm. gm. gm, per cent 
0.0008 25.7 147.7 1.0 12.9 
0.0016 | 43.6 125.6 2.0 21.9 
0.008 | 112.6 51.5 2.0 56.5 
0.016 | 124.6 29.0 5.0 62.5 
0.024 | 119.6 | 30.3 5.0 60.0 


per cent N, in the form of sodium nitrate, the formation of acid 
declined and the mycelia became thin. As the concentration 
passed beyond 0.024 per cent N, the yields declined and the 
mycelia in all cases became extremely vigorous and formed a cot 
paratively thick pad. 

In the experiments to determine the effect of the various cot 
centrations of nitrogen on acid formation, ammonium salts wer 
used. The results of these experiments were so unexpected that 
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a separate study is being made of the relation between the source 
of nitrogen and the formation of gluconic acid by this organism. 
Ammonium chloride, ammonium sulfate, ammonium nitrate, and 
ammonium carbonate were used in varying concentrations as 
nitrogen sources. In every case the production of acid and 
consumption of glucose were much less than that at corresponding 
concentrations of nitrogen when sodium nitrate was used, although 
a fairly vigorous mycelial development resulted in each case. 
Slightly positive tests for citric acid have been obtained when the 
nitrogen 1s supplied in the form of ammonium salts. The results 
of these experiments might possibly have an important bearing on 
a number of the theories now advanced to explain the process of 
the oxidation of glucose to the various organic acids. 

After consideration of the data accumulated in the experiments 
on the relation of inorganic nutrient-salts to the production of acid, 
a standard nutrient salt solution of the following composition was 
prepared. 


Gm. per liter of glucose solution. 


MgS0O,-7 H.0. ... 0.25 (0.00245 per cent Mg, 0.00325 per cent S). 


0.05 (0.0026 “ “ 
NaszHPO,-12 H20. 0.1 (0.00086 “ “ P). 


Of the many nutrient solutions employed, this is the most 
economical and gives the most consistent results. The percentage 
yields from a great number of experiments ranged from 55 to 
62.5 per cent of the theoretical quantity of gluconic acid to be 
expected from the glucose originally present. The weights of 
the mycelia obtained in this series of experiments were compara- 
tively low, and the quantity of sugar oxidized to carbon dioxide 
was not unduly large. The unchanged glucose remaining in the 
culture solutions averaged 40 gm. 

The rate of production of the gluconic acid has been studied in a 
preliminary way. Portions of a large number of culture solutions 
have been titrated at varying intervals after inoculation. When 
the quantity of 0.1 N alkali required to neutralize 10 cc. of the 
culture liquor is plotted against the time in days after inoculation, 
a curve representing the velocity of the oxidation is obtained. 
A typical example of such a curve is indicated by the continuous 
line in Fig. 1. The strong resemblance to the average growth 
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curve will be noted immediately. The rate of oxidation appears 
to be highest between the 5th and 9th days after inoculation and 
is almost constant during that period. After the 9th day the 
velocity of the reaction invariably declines; this decline may be 
owing to one factor or a combination of several factors. Hydrogen 
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Fic. 1. The solid line indicates primary production of gluconic acid: 
the dotted line, secondary production of gluconic acid by the same 
mycelium. 


ion concentration, the decrease in the quantity of glucose present, 
and the formation of by-products toxic to the oxidizing enzyme 
may be mentioned as possible contributing causes to the rather 
sharp break in the velocity curve. 

It has been found that when the gluconic acid content haf 


Cyr 4.5 BSH 


| 

40 
8888 


H. T. Herrick and O. E. May 195 


reached the maximum, if the culture liquor is replaced with fresh 
sterile glucose solution containing no inorganic nutrients, the 
oxidation proceeds at once at a rapid rate. ‘The curve represent- 
ing the second oxidation is indicated by the broken line in Fig. 1. 
The break in rate of oxidation is not so pronounced in this case, 
and the yields are somewhat higher. Further studies of this 
fermentation are being made in an effort to bring about the 
oxidation at its maximum rate for a longer period, with a view to 
obtaining within a reasonable time the maximum yield of glu- 
conic acid and the possible elimination of residual glucose. 


In conelusion the authors wish to express their appreciation of 
the advice and assistance given in this work by Dr. Charles Thom 
and Dr. Margaret B. Church of the Bureau of Chemistry and Soils. 
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OBSERVATIONS UPON THE ENZYME ASPARAGINASE.* 


By W. F. GEDDES ann ANDREW HUNTER. 


(From the Department of Biochemistry, University of Toronto, Toronto, 
Canada.) 


(Received for publication, January 9, 1928.) 


The existence, in certain animal and vegetable tissues or juices, of more 
or less specific amide-splitting enzymes was demonstrated in 1902 by Gon- 
nermann (1). His observations failed to include the biologically important 
amide asparagine; and the first to observe a fermentative hydrolysis of this 
substance into aspartic acid and ammonia was Lang (2). Lang showed 
that not only asparagine but also glutamine—both amides of amino acids— 
can be completely hydrolyzed by suspensions of beef liver; and that the first 
at least is split also by kidney, spleen, and testis, and perhaps even by the 
mucous membrane of the intestine. Confirmatory results with the tissues 
of the horse and the pig were reported a few years later by von Fiirth and 
Friedmann (3), who concluded that the capacity to hydrolyze asparagine is 
possessed by all animal organs in an approximately equal degree. Accord- 
ing to the more recent work of Clementi (4) the distribution of asparaginase 
in the animal kingdom is less universal than this conclusion would imply. 
Clementi found the enzyme present indeed in practically all the tissues of 
herbivorous animals; but in such omnivores as the pig and the rat it was 
strictly confined to the liver, while none of the organs of carnivorous mam- 
mals, of amphibians, of reptiles, of the monkey, or of man gave any evidence 
whatever of its existence. Clementi drew the deduction that the presence 
of asparaginase in animals is a specific biochemical adaptation to the diet. 
An observation which falls somewhat out of line with this generalization is 
that of Maeda (5), who reported that an extract of human placental tissue 
will liberate ammonia from asparagine. Maxa (6), it may be added, failed 
to find asparaginase in the testis of the bull, where its presence had been 
asserted by Lang. 

About the same time that Lang observed the action of animal tissues 
upon asparagine Shibata (7) showed that it is slowly and incompletely 
hydrolyzed by the dried and powdered or acetone-treated mycelium of 
Aspergillus niger. A similar result was obtained by Dox (8) with another 
mould, Penicillium camemberti?. Other vegetable sources of an asparagine- 


* The experimental data of this paper are taken from a thesis submitted 
by W. F. Geddes in partial fulfilment of the requirements for the degree of 
Master of Arts in the University of Toronto. 
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splitting enzyme have been indicated or established by the work of Nawia- 
sky (9) on bacteria, that of von Firth and Friedmann (3), Kurono (10), and 
Effront (11) on yeast, and that of Kiesel (12) and Butkewitsch (13) on 
higher plants. In spite therefore of negative results obtained by Pring- 
sheim (14) and Dieter (15) with yeast, it would seem certain that aspara- 
ginase has a fairly wide distribution not only in the animal but also in the 
vegetable kingdom. 


In what degree the action observed upon asparagine is specific, 
and to what extent, if at all, other amides are subject to enzymatic 
hydrolysis, are questions upon which the conflicting evidence 
available has not yet yielded a decision. 

The present study of asparaginase was undertaken as a pre- 
liminary to an attempt to utilize it in a quantitative determina- 
tion of asparagine. For such a purpose it was necessary, we 
decided, to possess a preparation, moderate quantities of which 
should be capable of decomposing quantitatively within 24 hours 
at least so much asparagine as would yield 7 mg. of ammonia nitro- 
gen. Much of the work hitherto reported has dealt with experi- 
ments extending over several days or even weeks, and has been 
carried out with extracts evidently much less active than such a 
requirement would demand. Our first endeavor therefore was to 
find adequate methods for the extraction and concentration of 
the enzyme. Its separation from other enzymes and from inert 
material was regarded as an object less immediately urgent, 
although not to be lost from view. <A reasonably active prepara- 
tion having been secured, it was necessary next to obtain some 
precise knowledge concerning the course of its action and the 
conditions of its activity. We studied therefore the influence upon 
it of varying hydrogen ion concentration, and made some ob- 
servations upon the velocity curve of the enzymatic reaction 
which it promotes. In further experiments we settled, as far as 
our own preparations were concerned, the question of specificity, 
and touched, although only incidentally, upon those of the 
stability and the distribution of asparaginase. 


1. Preparation of Active Asparaginase Solutions from Yeast. 


Among possible sources of asparaginase the one which appeared 
to be on the whole the most promising and convenient was 
brewers’ yeast, and the experiments first to be described were 
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undertaken with the object of determining whether this material 
actually contains the enzyme, and how the latter, if present, 
may be most efficiently extracted. 


(a) Comparison of Different Methods of Extraction. 


Bottom yeast, fresh from the brewery,! was placed in | gallon 
lots in large carboys. ‘These were filled with cold tap water, 
shaken well, and allowed to stand till the yeast had settled. 
The supernatant liquid was siphoned off and the process of 
washing repeated three or four times. The yeast was then trans- 
ferred to large Buchner funnels, and sucked as dry as possible; and 
the nearly uniform product so obtained was used in making the 
several preparations described below. 

Preparation 1. Press Juice.—200 gm. of the fresh yeast cake 
were ground with fine quartz in’a mortar, and kieselguhr was 
stirred in till the mass appeared dry. The juice was then ob- 
tained by subjecting the whole to a pressure of 400 atmospheres 
ina Buchner press. 

Preparation 2. Water Extract of Fresh Yeast.—200 gm. were 
mixed with 300 cc. of water and 25 cc. of toluene, and allowed to 
stand, with frequent stirring, for 3 days in the ice chest. The 
extract was then freed from yeast cells by centrifugation and 
filtering. 

Preparation 8. Glycerol Extract of Fresh Yeast.—This was pre- 
pared in the same way as the water extract, except that 50 per 
cent glycerol was used in place of the water. 

Preparation 4. Water Extract of Unground Dried Yeast.— 
A portion of the fresh yeast cake was spread thinly on glass plates, 
and dried rapidly in a blast of air at ordinary temperature. In 
this process it lost 64 per cent of its weight. The quantity of dry 
yeast corresponding to 200 gm. of fresh yeast was therefore 72 
gm. Half this amount, 36 gm., was extracted as before with 
water; but in order that the proportion of yeast solids to water 
should not be altered the quantity of water used was 214 (150 + 
64) ee. 

Preparation 5. Glycerol Extract of Unground Dried Yeast.— 


1 We are indebted to O’Keefe’s Beverages, Ltd., of Toronto for frequent 
and generous supplies of this material. 
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This was made in the same way as the previous extract with the 
single substitution of 50 per cent glycerol for water. 

Preparation 6. Water Extract of Ground Dried Yeast.—100 gm. 
of air-dried yeast were ground in a ball-and-pebble mill, both 
steel balls and quartz pebbles being used, until a test portion, 
suspended in water and examined under the microscope, showed 
no remaining intact cells. ‘This required grinding for from 24 
to 48 hours. ‘The powder obtained was extracted with water in 
the same proportion and by the same procedure as for Prep- 
aration 4. 

Preparation 7. Glycerol Extract of Ground Dried Yeast.— 
Another lot of the same powder was extracted with 50 per cent 
glycerol. 

Preparation 8. Alcoholic Extract of Ground Dried Yeast— 
36 gm. of the powder were extracted under the usual conditions 
with 214 ec. of 30 per cent (by volume) ethyl alcohol. ‘The yeast 
was then removed by centrifugation and filtration. The filtered 
extract was allowed to stand for some days in the ice chest. 
During this interval it deposited a heavy precipitate (Preparation 
8 a), leaving a clear supernatant liquid (Preparation 8 b). 

Preparation 9. Water Extract of Alcohol-Extracted Ground 
Yeast.—The residue of yeast powder left in Preparation 8 was 
suspended in 214 ec. of water, and extracted in the ice chest for 
3 days more. 

The activity of these various extracts was determined and 
compared in the following way. 50 ec. of M IKKH,PO, were mixed 
with 50 ce. of water and 100 ec. of M NaOH, producing an alkaline 
phosphate solution of 0.25 mM concentration and pH about 9.2. 
To 10 ce. of this solution, introduced into a 25 ec. volumetne 
flask, were added 5 ec. of an approximately 1.5 per cent solution 
of asparagine? and 5 ce. of the extract to be tested. The flask 
was then filled to the mark with water, and its contents thoroughly 
mixed. With the least possible delay 15 ec. (three-fifths of the 
whole) were thereupon transferred to a large Pyrex test-tube 
(200 * 30 mm.), treated with 0.5 ec. of toluene, and set in 


2 Different samples of asparagine employed contained varying amounts 
of water of crystallization and (sometimes) ash. Solutions were therefore 
made up ina manner only roughly quantitative, and their actual content 0 
asparagine was estimated from nitrogen determinations. 
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water bath of which the temperature was maintained at 30° 
(+0.1°). The residue of the mixture was used for the electro- 
metric determination of its pH, which was found to lie in the 
different instances somewhere between 7.4 and 7.8. At the end 
of a period of 20 hours the test-tube was removed from the water 
bath, an equal quantity of saturated potassium carbonate 
solution was added, and the liberated ammonia was deter- 
mined by aeration into 0.02 N sulfuric acid and back titration in 
the usual way. With two of the extracts—Preparations 2 and 3 
prepared from fresh yeast—additional experiments were run to 
ascertain whether their activity was liable to deteriorate upon 
standing. For this purpose the unused residue of each of these 
extracts was removed from the ice chest to a thermostat at 35°, 
and at 3 day intervals thereafter was tested upon asparagine in 
the manner which has just been. described. Tach and every 
experiment was accompanied by appropriate controls, by which 
were determined (1) the appreciable quantities of ammonia 
usually introduced with, or developing in, the enzyme extract 
and (2) the traces sometimes present in the original asparagine 
solution or, possibly, liberated from it during aeration by the 
potassium carbonate alone. The asparagine solution was also 
subjected to a Kjeldahl determination of its total nitrogen, the 
result of which showed that the incubated fraction of each mixture 
must have contained 4.02 mg. of amide nitrogen. 

Every determination, including the blanks, was carried out in 
duplicate; but as the duplicates always showed excellent agree- 
ment, it may suffice to report the average results. These are 
exhibited side by side in Table I; and since in the preparation of 
every extract (the press juice only excepted) the ratio of yeast 
solids to extracting liquid was the same, they are all (with the 
one exception noted) directly comparable. The comparison leads 
to the following conclusions. 

1. Simple aqueous extracts of fresh living yeast possess a very 
limited power to hydrolyze asparagine. The activity of such 
preparations is indeed so slight as almost to corroborate the finding 
of Dieter (15), according to whom suspensions of living but non- 
growing yeast cells have no action at all upon asparagine. 

2. Extracts considerably more active are readily obtained from 
yeast which has simply been dried (Preparations 4 and 5); but 
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TABLE I. 
Action upon Asparagine of Different Preparations from Yeast. 


0.02.5 
Interval 
Prepara- Material extracting = in 20 hrs. 
tion No. extracted. agent. extract and 
its use. = | | 4.02 mg). 
§ | 36 
cc cc. | mg. pi 
1 Fresh yeast. | Press. None. 7.811.51) 5.06)1.00, 24.8 
2 Water. 7.4110.47, 1.27,0.22) 5.6 
3 days (at |7.702.40 2.99)0.17) 41 
35°). 
bs 6 days (at |7.803.60 3.9110.07 1.7 
35°). 
9 days (at |7.925.27, 5.24/0.00 0.0 
39°). 3 
3 Fresh yeast. | Glycerol.| None. 7.540.44 2.480.57) 14.1 
| 3 days (at |7.67|1.32) 3.280.55) 13.6 
35°). 
6 days (at |7.762.85, 3.65/0.23) 5.8 
35°). 
9 days (at |7.813.83) 4.13'0.08) 2.1 
35°). 
4 Dried yeast, | Water. None. 7.460.75, 2.90'0.60) 15.0 
unground. 
5 Glycerol. 7.4710.66 3.71.0. 86) 21.3 
6 Dried yeast, | Water. 7.58:0.69 13.993.72) 92 
ground. 
7 Glycerol. 7.620.70 15.20 4.05/100.6 
8at+8bt) “ | Alcohol, | 3 days (at '7.690.46 1.640.33) 82 
30 per 3°). 
cent. 
8h “ 17.680.46 0.480.00 0.0 
i) Residue from! Water. None. 7.670.64 1.050.11 28 
Prepara- 
tion 8. 
9 7.59.1.17, 2.620.41 10.3 


* Including the enzyme blank, which is variable, and aconstant asparagine 
blank of 0.05 cc. 

t In this experiment the extract was shaken, so as to distribute the de- 
posit through the supernatant liquid; in the next the latter only was 
employed. 
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even these hardly contain enough asparaginase to make them 
practically useful. 

3. By far the most active preparations (Nos. 6 and 7) were those 
obtained from dried yeast ground to an impalpable powder. It 
would seem therefore that a really good yield of enzyme is possible 
only when the yeast cells are thoroughly disintegrated before 
extraction. 

4. Although the preparation of a press juice involves the dis- 
integration of the cells, the final product is nevertheless not 
specially active. The press juice was of course of smaller volume 
and higher concentration than the aqueous extract of fresh yeast; 
and accordingly, although it was bulk for bulk more active, it 
seems doubtful whether it contained an appreciably greater total 
quantity of enzyme. It would appear then that in its preparation 
much of the asparaginase that must have been expressed from the 
cells was afterwards lost. Adsorption upon kieselguhr suggests 
itself at onee as a probable explanation. Direct evidence that 
such adsorption actually takes place will be furnished later. 

5. Under all circumstances 50 per cent glycerol is a more efficient 
extracting agent than water. 

6. extracts, even of powdered yeast, made with 80 per cent 
alcohol are relatively inactive (Preparations Sa + Sb). Indeed, 
if such extracts are cooled and filtered from their less soluble 
constituents, they may show no activity whatever (Preparation 
8b). This inactivity is not due to a simple failure to extract the 
enzyme, for very little of the latter is left in the extraction residue 
(Preparation 9). Neither is it due to something like the separation 
of an enzyme from its coenzyme, for extract and residue combined 
(Preparations 8 + 9) show only the sum of their separate small 
activities. The conclusion seems inevitable that aleohol has a 
destructive effect upon asparaginase. Further evidence of such a 
destructive effect will appear in another connection. 

7. The enzyme asparaginase, if present in sufficient concen- 
tration, can effect a quantitative decomposition of asparagine 
(see Preparation 7). 

8. In the medium provided by the rather crude extracts here 
under consideration asparaginase undergoes a moderately rapid 
destruction. This destruction, as it occurs in weak preparations 
like Nos. 2 and 3, is complete in from 6 to 10 days at 35°. It is an 
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accompaniment, as the blank determinations show, of autolytie 
changes evidenced by a steady accumulation of ammonia, and is 
perhaps brought about by the action of the autolyzing enzymes. 

Frequent repetition of the experiments, with or without varia- 
tions in the proportion of yeast to extracting liquid, in the quan- 
tity of substrate, and in the ratio of substrate to enzyme, has served 
only to confirm these conclusions. It may therefore be taken as 
demonstrated that yeast 1s at least moderately rich in aspara- 
ginase, and that the best yields of that enzyme are obtained by 
disintegrating the veast thoroughly in a suitable mill, and extract- 
ing it then with 50 per cent glycerol. Unfortunately glycerol 
extracts are exceedingly difficult to clarify either by filtration or 
centrifugation. For practical reasons therefore it has been 
found convenient to forego the advantages of the somewhat higher 
vield which glycerol affords, and to use almost exclusively aqueous 
extracts. 


(b) Effect of pH upon the Efficiency of the Extraction. 


When yeast powder is extracted with water or glycerol, the 
extract, as we found, always has a pH in the neighborhood of 6. 
Some observations made in another connection suggested that the 
efficiency of the extracting process might be greater at a less acd 
reaction. Totestthis possibility we performed the following exper- 
ment. Three 25 gm. lots of dried and ground yeast were treated 
respectively with 150 ce. of water (Preparation 10), a mixture of 
140 ec. of water with 10 ec. of N NaOH (Preparation 11), anda 
mixture of 135 ec. of water with 15 ce. of N NaOH (Preparation 
12). I-xtraction was allowed to proceed in each case for 3 days, 
and the extracts, having been centrifuged and filtered. were first 
submitted to a determination of their pH. Mixtures were then 
prepared, each of which contained (1) 10 ec. of a 1.5 per cent solu- 
tion of asparagine, (2) 10 ce. of a 0.25 mM phosphate buffer so 
chosen as to give in each instance a final pH approximating 8, 
(3) a quantity ranging in different cases from 1 to 5 ce. of one or 
another of the three enzyme extracts, and (4) enough water to 
make a total volume of 25 ce. From each mixture 15 cc. were 
withdrawn for a determination, in the manner already described, 
of the asparagine hydrolyzed during 20 hours at 30°. The 
residual 10 cc. was used for the measurement of the pH at which 
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the hydrolysis was effected. Each determination was accom- 
panied by appropriate blanks; and a nitrogen determination on 
the asparagine solution showed that in each fraction of the mix- 
tures taken there must have been present 7.42 mg. of amide 
nitrogen. 

The results of this experiment, which are exhibited in Table II, 
were sufficiently definite. So long as the quantity of extract used 
was submaximal (4 ce. or less), the one which accomplished in the 
allotted time the greatest amount of work was always the one 


TABLE II. 
Effect of pH on the Extraction of Asparaginase. 
| | 9.02 x NH; found. 
| 95 , Plt of Amide N liberated in 
tion No. | extrac- |" of digestion | 
tion. Controls. periment. 

ce. ce. ce. my. | per cent 

10 6.06 1 8.00 0.33 4.72 

4 8.21 1.21 | 22.75 6.03 81.2 

5 8.16 1.47 28.37 7.53 101.5 

| 

11 | 7.00 1 | 8.08 | 0.37 | 9.54 | 2.57 | 34.6 
2 8.00 | 0.67 | 17.22 | 4.63 62.5 

| 4 | 812 | | 7.28 

| 5 8.14 | 1.42 | 28.12 | 7.48 100.8 

| 2 | 8.22 | 0.62 | 12.98 | 3.46 | 46.6 

4 | 8.20 | 1.21 | 23.95 | 6.37 85.8 

5 $16 | 1.8 | | 7.4 100.8 


prepared at an approximately neutral reaction (pH 7.00). 4 ee. 
of this neutral extract were aciually all but sufficient to hydrolyze 
the asparagine completely; while with each of the others, prepared 
respectively at pH 6.06 and 8.44, the smallest quantity which pro- 
duced this effect was 5 cc. Evidently slight degrees of either 
acidity or alkalinity have a destructive influence upon the enzyme, 
or in some other way exert a disadvantageous effect upon the 
Process of extraction. The latter therefore is best carried out at 
the neutral point. 
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2. Attempts at Concentration and Purification of Asparaginase. 


In the experiments recorded in Table II the maximum amount 
of yeast extract present in any of the 15 ce. fractions analyzed 
was 3 cc. In every instance this was sufficient to decompose 
quantitatively within 24 hours an amount of asparagine contain- 
ing 7.42 mg. of amde nitrogen. The crude extracts of these 
experiments possessed therefore already that degree of potency 
which our ultimate object required. Unfortunately extracts 
from other samples of ground yeast have not always shown so 
great an activity. We have been forced therefore to seek some 
method which would make possible the concentration of the 
enzyme, once extracted, into reasonable volumes, and which 
might perhaps at the same time effect its partial separation 
from inactive admixtures. 

Among those methods of concentration which have been more 
or less generally successful with other enzymes the simplest which 
suggested itself, and the first therefore which we tried, was 
precipitation with some neutral organic solvent like alcohol, 
ether, or acetone. Our experiments with this method showed it 
to be quite useless for the case in point; but as they threw con- 
siderable light upon the properties of asparaginase they are per- 
haps worthy of a brief report. 


(a) Precipitation of Yeast Extracts with Alcohol and Other Organié 
Solvents. 


(;round yeast was extracted with water in the proportion of 
150 ec. to every 25 gm. The activity of this extract, deter- 
mined in the usual way, was such that 4 ec., acting in a total 
volume of 20 ce. upon an amount of asparagine containing 6.91 
mg. of amide nitrogen, liberated, in 20 hours at 30°, from 47 to 
50 per cent of the whole. Portions of this extract, amounting 
each to 200 ecc., were treated with (a) 200 ee. of ice-cold 95 per 
cent ethyl alcohol, (6) 200 ec. of ice-cold acetone, and (c) a mit 
ture of 400 ec. of alcohol and 200 ee. of ether. The resulting 
precipitates were separated by centrifugation or filtration, washed 
first with the precipitating liquid, next with cold absolute alcohol 
(omitted in the case of the acetone precipitate), and finally with 
cold anhydrous ether, dried rapidly in a current of air, and desic- 
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cated completely in vacuo over sulfuric acid. The quantity of 
material obtained in this way was 1.86 gm. by procedure (a), 
2.34 gm. by (6), and 1.62 gm. by (c). Each product was now 
shaken up with 200 ec. of water (the volume from which it had 
been precipitated), and the activity of the resulting solutions or 
suspensions was tested under the same conditions exactly as had 
been that of the original extract. In no case was any appre- 
ciable quantity of ammonia liberated from the asparagine. It 
follows either that the enzyme had not been precipitated or that, 
having been precipitated, it had also been destroyed. ‘To exclude 
completely the first alternative it would have been necessary to 
test the asparaginase activity of the filtrate from each precipitate. 
The bulk of the filtrate made such a direct test impracticable. 
It has however been shown already (see Table I) that asparaginase 
is almost completely destroyed by alcohol of a concentration as 
low as 30 per cent. In the case therefore of alcohol the second 
alternative is all but demonstrated to be the correct one; and it 
is unlikely that the effect of acetone or alcohol-ether is of a differ- 
ent sort. 

The destructive effect of acetone accounts in all probability for 
the relatively low asparaginase activity of Shibata’s (7) and Dox’s 
(8) preparations of acetone-treated fungi, as well as for the entirely 
negative outcome of Pringsheim’s (14) experiments with acetone- 
treated yeast. 


(b) Adsorption of Asparaginase by Kieselguhr and Ferric Hydroxide. 


Having failed to obtain active preparations of asparaginase by 
the use of alcohol or acetone, we turned next to the possibility of 
finding for the enzyme some suitable adsorbent. Our experi- 
ments in this direction were limited to two materials, kieselguhr 
and ferric hydroxide, and orce again are reported more as a matter 
of record than for any promise they contained of a practicable 
method of concentration. 

In the experiments with kieselguhr two 25 gm. lots of ground 
dry yeast were extracted in the usual way with 200 ee., and two 
more with 150 ec. of water. One of each pair of extracts was 
clarified by filtration (Preparations 13 and 15), while the other 
was first treated with enough kieselguhr to form a semisolid 
plastic mass, and was then submitted to a pressure of 400 atmos- 
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pheres in the Buchner press (Preparations 14 and 16). To com- 
pare the activity of these four preparations, 10 cc. of each were 
mixed with 10 ce. of a 1.9 per cent asparagine solution, 20 cc. of a 
selected 0.25 m phosphate solution, and 10 cc. of water; and for 
each determination (performed in duplicate) two 20 cc. portions, 
each of which contained 6.91 mg. of total amide nitrogen, were 
maintained for 20 hours at 30°. Each preparation was tested 
in this manner at two different levels of hydrogen ion concen- 
tration. In Table III are recorded not only the average results, 
but also the pH of each digesting mixture, as well as that of the 
phosphate solution used in making it up. 


TABLE III. 
Adsorption of Asparaginase by Kieselguhr. 


Water pH of Il of Amide N 
Prepa-| used Treatment of | Phos- in 20 hrs. 
extract. tion Main at 30° (total = 
gm. used, | experi- 6.91 mg.). 
ment 
cc. cc. ce. mq. per cent 
13 | 200 Filtration. 7.62 7.18 1.78 13.38 | 3.25 47.0 
8.98 | 7.66 1.81 13.83 3.36 | 48.6 
14 | 200 | Kieselguhr. | 7.62 | 7.12 | 2.68 5.61 | 0.82 | 11.9 
8.98 | 7.41 2.71 0.67 | 1.11 16.1 
15 150 Filtration. 7.83 | 7.40 | 2.038 17.21 | 4.25 61.5 
9.33 7.67 | 2.06 17.56 | 4.34 62.8 
16 150 IKkieselguhr. | 7.83 7.37 3.06 7.42 | 1.22 17.6 
7.61 3.03 8.10 | 1.42 20.5 


* Including 0.16 cc. from asparagine. 


The results show that kieselguhr removes from an active yeast 
extract a considerable fraction of its asparaginase. They con- 
firm therefore the explanation already suggested for the relative 
inactivity of a yeast press juice in the preparation of which that 
substance has been used. At the same time, although the propor- 
tion of kieselguhr used was very large, the adsorption effected was 
far from quantitative. For this reason we made no further 
experiment in this direction with kieselguhr. 

A number of experiments were next carried out with a solution 
of ferric hydroxide. This was prepared by shaking Merck’s 
dialyzed iron with distilled water, until no more would readily 
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dissolve, and diluting the filtered product with an equal volume 
of water. Table IV gives the record of two representative ex- 
periments with this solution. In these a water extract of ground 
yeast (adjusted to have a pH in the first case of 7.0, in the second 
of 8.0) was diluted with varying proportions (indicated in the 
table) of water and ferric hydroxide. The precipitate produced 
by the latter, after being allowed to flocculate for 30 minutes, was 
separated by centrifugation. The residual activity of the super- 
natant liquid was then determined, in the usual way, by mixing 
10 ec. with 10 ce. of a 1.5 per cent asparagine solution, 20 ec. of 
of buffer solution, and 10 ec. of water, and incubating a 20 cc. 


TABLE IV. 
Adsorption of Asparaginase by Ferric Hydroxide. 


Cc siti f aration. 0.02 N NH 
| omposition of preparation found. | dmide 
| 7 
‘0. Yeast ydrox-} treat Nin | Con- | “222 (total = o. 
| | Water.) ide | after mising. | 10ce. | trols. 
tion. | 
ce. ce. ce. m}. | | mg. per cent 
z | @ | @ | © | None. 29.4 1.24 | 5.60 | 1.22 | 22.2 
8 | 50 5 | 10 | Centrifuged| 27.4 1.14 4.32 0.89 16.2 
19 | 50 0 | 20 “ 23.8 1.10 1.80) 0.14 2.6 
20 40 | 40 0 | None. 18.3 0.94 | 5.12 | 1.17 | 21.3 
21 40 30 10 | Centrifuged 13.3 0.89 2.67 0.49 9.0 
22 40 | 20 | 20 “ 10.2 0.87 1.82 0.26 4.8 
23 40 | 10 | 30 92 0.84 1.15 0.09 1.6 
24 40 0 | 40 7.8 | 0.87 1.10 0.06 1.2 


portion (containing 5.50 mg. of amide N) for 29 hours at 30°. 
As a further indication of the effect of the ferric hydroxide, deter- 
minations were made of the total N remaining unprecipitated in 
a10 ce. portion of each supernatant liquid. It will be seen from 
Table IV that, whenever the proportion of ferric hydroxide mixed 
with the yeast extract was sufficiently high (2:5 in the first experi- 
ment, 3:4 in the other), the precipitate carried down with it nearly 
all of the enzyme, but relatively little (one-fifth to one-half) 
of the total nitrogen of the extract. The enzyme could be ad- 
sorbed therefore not only quantitatively, but to a considerable 
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degree selectively. In this respect the use of ferric hydroxide 
seemed not unpromising. Unfortunately the bulk of precipitate 
necessary for complete adsorption was very large, and the recovery 
of the enzyme correspondingly difficult. It is possible that these 
drawbacks might have been overcome, or that an adsorbent more 
nearly ideal might have been discovered; but as we had mean- 
while found—in precipitation of the enzyme by safranine—another 
procedure much more convenient and at least equally efficient, 
we abandoned for the present any further study of the method 
of adsorption. 


(c) Precipitation of Asparaginase by Safranine. 


It was observed by Robertson (16) that in solutions containing 
trypsin the azine color base safranine produces a precipitate; and 
this precipitate was afterwards shown by Holzberg (17) to be 
proteolytically active. Marston (18) has more recently demon- 
strated that safranine precipitates in a quantitative fashion not 
trypsin alone, but also pepsin and other proteolytic enzymes; 
and that, in the case at least of trypsin, 70 per cent of the active 
enzyme originally present can be recovered from the precipitate. 
Forbes (19), finally, has found that safranine may be successfully 
utilized for the purification and concentration of pepsin. 

It appeared to us very probable that safranine would have upon 
asparaginase the same effect as upon pepsin or trypsin, and to 
test this expectation we performed first the following preliminary 
experiment, which was so designed as to exhibit the action of the 
dye at three different concentrations of hydrogen ion. 

By suitable additions of 0.1 N NaOH three portions of a par- 
ticular water extract of ground yeast (Preparation 25) were 
adjusted respectively to pH of about 6, 7, and 8, the final reaction 
of each being determined electrometrically. 20 ce. of each were 
then pipetted in duplicate into 50 ee. centrifuge tubes. To one of 
each pair were added 20 ec. of water, to the other 20 ce. of a 0.5 
per cent aqueous solution of safranine. The dye produced in all 
three cases a reddish precipitate, which, after being allowed to 
flocculate for 30 minutes, was separated by centrifugation. The 
asparaginase activity of the supernatant liquid was then com- 
pared with that of its correspondingly diluted but otherwise un- 
treated duplicate. The quantity taken for this determination 
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was in every case 20 ec., equivalent always to 10 cc. of the original 
undiluted extract; with respect to other details the procedure 
followed was the same as in the experiments with dialyzed iron. 


TABLE V. 
Effect of Safranine Precipitation upon Yeast Extracts. 

In this table ‘‘supernatant’”’ means the liquid, in volume double that of 
the original extract, left after removal of the safranine precipitate; while 
‘suspension’ is the precipitate itself, dispersed (within the original vol- 
ume) by shaking with water. 


Yeast extract. | Material tested for activity. Z = = 
| Nature. mg.). Bey 
~ & | < @& 2. 
| cc. omg mg. ; mg per cent per cent 
25 6.07 Originalextract. 10 | (7.91 4.76 86.6 
| Supernatant. 20 | 7.87 | 0.05; 1.2 
| | | 
| | 
25 7.02 Original. 10 7.94 4.51 §2.1 
| | Supernatant. 20 7.86 0.05; 1.0; 1.2 
{ 
| 
25 7.98 Original. 10 8.01 4.34 78.8 
| Supernatant. 20 8.18 0.05 2 1.3 
ee Original. 10 7.47 263 47.8 
| Supernatant. 20 7.@ | 0.12; 2.2); 44 
Suspension. 10 7.79 | 1.54 28.0 58.6 
27 7.82 Original. 41.4 7.76 4.04 73.4 
| Supernatant. 20 33.6 | 7.76 | 0.43; 7.8: 10.6 
Suspension. 10 $.1 7.80 | 2.87 | 52.21 Ff 
28 5.64 Original. 10 494 51.6 7.62 4.44 80.7 
Supernatant. 20 405 422.9 7.60 048 87 10.8 
Suspension. 10 75 9.1 7.84 2.95 33.6 66.4 


The results, which are to be found in Table V, shew that it is 
possible by treatment with safranine to remove asparaginase com- 
pletely, or all but completely, from solution; and further, that 
Within the pH range of 6 to 8 the completeness of this removal 
is independent of the reaction. 
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It was to be presumed that the enzyme, removed from the 
extracts, would be found in the safranine precipitates. ‘To test 
this presumption we determined, in further experiments, the 
activities not only, as before, of the original and the inactivated 
extracts, but also of the precipitate itself. With this object the 
precipitate produced by adding 100 ce. of 0.5 per cent safranine 
solution to 100 cc. of a yeast extract was separated by centri- 
fugation, and transferred by means of distilled water to a 100 ee. 
volumetric flask. The flask was filled to the mark, and the pre- 
cipitate dispersed as completely as possible by vigorous shaking, 
The resulting suspension was tested in aliquots of 10 ec., and its 
effect compared with that of 20 ec. of the supernatant liquid and 
10 ee. of the original extract. The conditions under which these 
tests were made were the same as before. 

In yet another series of experiments, similarly conducted, 
we included determinations, carried out upon convenient aliquots, 
of the total nitrogen (or of the total nitrogen and total solids) 
of all three of the materials of which the activities were being 
compared. 

Representative results from these later groups of experiments 
are included in Table V. In attempting to give them a quan- 
titative interpretation we have assumed what will later be shown 
to be within certain limits approximately true, that relative 
amounts of asparaginase may be estimated by the quantities of 
substrate decomposed in a given time. Calculations made upon 
this admittedly approximative basis appear in the final column of 
Table V, and may be taken to justifythe foilowing conclusions: 

1. While the precipitation of asparaginase by safranine 1s not 
always so complete as in the first experiment, the proportion 
which escapes is seldom more than 10 per cent. 

2. The safranine precipitate readily hydrolyzes asparagine, and, 
when obtained and applied in the way described, exhibits on the 
average 65 per cent of the original activity of the extract, or 72 
per cent of the activity which that extract has lost. Such figures 
should probably be taken as minimal. It was difficult to remove 
the safranine precipitate quantitatively from the centrifuge tubes 
in which it was collected; and, as it was used in the form of 4 
suspension, which of course settled out during the digestion, it 18 
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likely that it did not in any case have the opportunity to exert its 
full activity. The apparent deficit of 28 per cent does not, there- 
fore, necessarily imply any actual destruction. 

3. While the safranine precipitate contains most of the enzyme, 
it contains less than 20 per cent of the nitrogen and only 15 per 
cent of the solids of the extract. The procedure employed 
effects therefore a very considerable degree of purification. 

Since the bulk of the precipitate produced is quite small, it 
can readily be suspended in a volume equal to one-fifth of that 
from which it has been separated. If one assumes the average 
yield of 65 per cent, such a concentrated suspension would possess, 
volume for volume, rather more than three times the activity of its 
original source. An enhancement of this order might be expected 
to provide as a rule a sufficiently active material. The following 
two experiments are typical of many in which this expectation 
has been confirmed. 

1. A crude extract was prepared in the usual way by treating 
375 gm. of freshly ground dry yeast with 2250 ce. of water. 2 
liters of this extract were mixed with an equal volume of a0.5 
per cent aqueous solution of safranine. ‘The precipitate, after 
being allowed to flocculate for 3 hours, was centrifuged off, washed 
once with 100 ce. of 0.5 per cent safranine, centrifuged again, and 
finally suspended in 250 ee. of 50 per cent glycerol. This product, 
which will be referred to as Safranine Concentrate II, was kept 
in the ice chest until required. 

To determine its activity varying quantities, as shown in 
Table VI, were mixed with 10 ce. of a suitable phosphate solution, 
dor 10 ec. of a 1.5 per cent asparagine solution (adjusted to a pH 
of 7.8), and enough water to make a total volume of 25 ee. A 15 
ce. portion of each such mixture was then digested for 20 hours 
at 30°. 

2. A similar experiment was conducted with another safranine 
concentrate, No. IV, prepared from a different extract, and tested 
upon a different asparagine solution. 

From the results of these experiments, as shown in Table VI, 
it is evident that 3 cc. of either safranine concentrate sufficed to 
hydrolyze completely within 20 hours the asparagine equivalent 
of at least 7 or 8 mg. of amide nitrogen. This corresponds with 
the activity which we have postulated as requisite. 
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The safranine method, then, enables one to produce from a 
crude and feeble extract a partly purified and relatively potent 
preparation of asparaginase. Whether it would be possible to 
proceed a step further, and to separate the enzyme without loss 
from the safranine with which it is combined, we have not deter. 
mined. From such a separation, even if it were successful, there 
would in fact be little to be gained. Considerably more useful 
would be a method of converting the safranine precipitate into a 
dry powder, capable of retaining its activity indefinitely. Un- 


TABLE VI. 
Activity of Safranine Concentrates. 
Per 25 cc. mixture. | Per 15 cc. fraction. 

gine concen- | ide N mixture. 

ce. ce cc my mg per gent 

II 3.0 5 3.0 4.02 7.76 4.05 wha 
0.5 10 0.3 8.04 7.96 2.28 28.4 
1.0 10 0.6 8.04 7.91 3.50 44.0 
1.5 10 0.9 8.04 7.86 4.47 55.6 
3.0 10 1.8 8.04 7.82 7.16 89.0 
5.0 10 3.0 8.04 7.74 8.09 100.5 

IV 1.5 10 0.9 7.42 8.14 4.50 60.7 
2.0 10 1.2 7.42 5.47 73.7 
3.0 10 1.8 7.42 6.25 84.3 
4.0 10 2.4 7.42 6.92 93.3 
so | 3.0 7.42 7.52 101.3 
60; 10 | 3.6 7.42 7.52 101.3 


fortunately all our attempts to prepare such a powder have beet 
attended by an initial loss of nearly 50 per cent. We have per- 
force, therefore, been content to use the dye-enzvme compound 
always in the form of a suspension. The best medium in which to 
disperse it is 50 per cent glycerol, in which it settles much more 
slowly than in water, and in which it retains its activity longer. 
Concentrated suspensions of th> kind deseribed have proved for 
many purposes both satisfactory and convenient; but they have 
at least one drawback likely, in certain special circumstances, t0 
diminish their usefulness. As might be expected, they contain not 
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only asparaginase, but also proteases. Thus 3 cc. of Safranine 
Concentrate IV, which liberated in 20 hours 7.4 mg. of the amide 
nitrogen of asparagine, were capable of liberating also, under 
identical conditions, 2.5 mg. of amino nitrogen from a 2 per cent 
solution of Witte’s peptone. Its proteolytic power was evidently 
small in comparison with its amidolytic; but it was not entirely 
negligible. 

While, therefore, in studying the action of asparaginase upon 
pure solutions of asparagine we have been satisfied with safranine 
precipitation, we have continued to seek a method of concentra- 
tion which should be more specific. One other method at least 
has shown promise of usefulness, and though we have not yet sub- 
mitted it to an adequate test, we think it worthy of a preliminary 
mention. This method consists in precipitating the enzyme, at 
what is presumably its isoelectric point, by acetic acid. 


(d) Precipitation of Asparaginase by Acetic Acid. 


Reynolds (20) has shown that the invertase of autolyzed yeast 
extracts may be purified and concentrated by a process involving 
dialysis, removal of colloidal impurities by acidification with acetic 
acid, and ultrafiltration. It was in an unsuccessful attempt to 
apply this process to asparaginase that we discovered that enzyme 
to be itself precipitable by acetic acid. The conditions under 
which this precipitation takes place are exemplified in the follow- 
ing experiment. 

50 ec. portions of a water extract of ground yeast, having been 
pipetted into six centrifuge tubes, were treated with additions of 
water or of glacial acetic acid, as indicated in Column 2 of Table 
VII. The acetic acid produced a precipitate, of which the bulk 
visibly increased with the quantity of acid added. After an 
interval of 30 minutes, to allow of flocculation, the various 
precipitates were separated by centrifugation. Fach  super- 
natant liquid was then submitted to determinations of total 
nitrogen by Kjeldahl, pH, and asparaginase activity. The five 
precipitates obtained were transferred with water into a single 
\0 ce. flask, the mixture was titrated pink to phenolphthalein, 
and the resulting almost clear solution was made up exactly to 
volume. Of this solution also we determined in a series of tests 
the asparaginase content. All the asparaginase determinations 
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were carried out by combining, in a total volume of 25 cc., 10 
ec. of 1.5 per cent asparagine, 7 cc. of a 0.5 m phosphate solution 
of pH 8.0, and the quantities of enzyme-containing solution indi- 
eated in Column 6 of Table VII. After these mixtures, with 
suitable controls, had been incubated for 20 hours at 30°, the 
liberated ammonia was determined in portions of 15 cc. The 
results appear in Column 8 of Table VII. 


TABLE VII. 
Precipitation of Asparaginase by Acetic Acid. 


3 | 8 
Additi 50 ce. iberated in, 
iz, 
(1) (2) (3) | (4) (5) (6) (7) (8) 
drops mg. ce mg. 
10 water. 6.00) 249) Original. 5 | 7.77| 5.79, 78.0 
30; 2 acetic acid. |5.70) 252) Supernatant liquid. | 5 | 7.82) 6.01) 81.0 
— 5.27| 227 5 | 8.16) 3.69, 49.7 
4.85) 203 5 | 7.95) 1.25) 16.9 
15 4.55) 191 = 5 | 7.81) 0.51) 6.9 
34,20 “ 4.46 196 5 | 7.82! 0.28 3.8 
35 Solution of combined | 1 | 7.96) 1.63) 22.0 
precipitates. 2 | 8.12) 3.20) 48.2 
3 | 8.08) 5.13) 69.1 
4 | 7.99) 6.66 &9.8 
5 | 8.12! 7.50101.0 


It is evident from Table VII that the precipitates appearing at 
acidities between pH 5.3 and 4.5 remove increasing quantities of 
asparaginase from solution; that at the lowest pH attained the 
removal is all but complete; that the active enzyme is present in 
the precipitate, and can be redissolved by appropriate addition of 
alkali; that it is possible in this way to obtain a solution containing 
a higher concentration of the enzyme than the original extract; 
and, finally, that while acidification to pH 4.5 almost quantita- 
tively precipitates the enzyme, it leaves most of the other nitrog- 
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enous constituents of the crude extract still in solution. We 
hope to make in the near future a further study of the possi- 
bilities of the procedure outlined. 


3. Some Observations upon the Kinetics of the Asparaginase Reaction. 


Having learned how to prepare a fairly active asparaginase, 
we endeavored to obtain with it in the first place some information 
concerning (1) the velocity curve of enzymatic deamidation, and 
(2) the relation between the speed of that reaction and the con- 
centration of the enzyme. With this object we performed the 
following experiment. 

Safranine Concentrate III was prepared in the same manner as 
No. II (see p. 213), but from a different yeast extract. Of this 
concentrate quantities of 15, 20, 25, and 30 ec. were pipetted 
serially into four 100 ce. volumetric flasks. ‘To each flask there 
were added 25 ec. of a 0.5 M phosphate solution of pH 7.98, 40 ce. 
of a 2 per cent solution of asparagine adjusted to a pH of 8.2, and 
enough water to make the total volume 100 ce. From each flask 
nine 10 ce. aliquots were then at once measured into aeration tubes 
which had been placed in a water bath at 30°. The residue in 
each flask was used for a pH determination, the result of which 
varied in the four instances only from 7.91 (in that with the highest 
concentration of enzyme) to 7.98 (in that with the lowest). At 
convenient intervals between 1 and 24 hours a group of four tubes 
(one from each set) was.removed from the water bath, and the 
extent to which deamidation had progressed in each was deter- 
mined in the usual way. The total amount of amide nitrogen in 
each aliquot was calculated from the results of a IXjeldahl deter- 
mination performed upon the original solution of asparagine, and 
was found thus to be 7.27 mg. 

The results of this experiment, corrected for the usual blanks, 
are recorded in Table VIII, ia the last four columns of which may 
be seen also the outcome of various attempts to find for the 
velocity curve of the reaction a suitable formula. Thus in 


Column 5 velocity coefficients have been calculated according 


to the linear equation /; = s The values found indicate that 


the first half, or possibly, with the higher concentrations of 
enzyme, even more, of the velocity curve is almost a straight line. 
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TABLE VIII. 
Rate of Deamidation of Asparagine by Varying Concentrations of Enzyme, 
The total amount of amide nitrogen present in each case was 7.27 mg. 
This accordingly is the value given in the calculations to a. 


ES 14 
| aé o 8 
(1) (2) (3) (4) (5) (6) (7) (8) 
ce. hrs mg. per cent 
1.5 2 0.69 9.5) 0.35 | 0.022 0.50 0.070 
1.28 17.6 |} 0.32 | 0.022 0.47 0.063 
ee | 1.95; 26.8; 0.33 | 0.023 0.49 0.065 
a 2.49 | 34.2} 0.31 | 0.023 (0.48) 0.064 
| 12 3.44 | 47.3) 0.29 | 0.023 0.46 0.062 
16 4.50 | 59.1 0.27 | 0.024 0.45 0.061 
20 5.34 73.4 0.27 | 0.029 (0. 48) 0.066 
24 5.63 | 77.4! 0.23 | 0.027 0.43 0.059 
Average. 0.47 
2.0 2 1.02 14.0 0.51 | 0.083 0.75* | 0.10 
3 1.32 18.2 0.44 | 0.029 0.65 0.087 
| 4 1.73 | 23.8 | 0.43 | 0.030 0.65 0.087 | 
| 6 2.55 35.0 | 0.43 | 0.031 0.65 0.088 
| 8 | 3.29] 45.2) 0.41 | 0.033 0.65 | 0.088 0 
| 4.71 | 64.8 0.39 | 0.038 0.67 | 0.092 
16 5.56 | 76.5 0.35 | 0.039 0.63 0.087 
20 6.27 86.2; 0.31 0.043 0.63 0.085 } 
Average. 0.65 
2.5 1 8.7] 0.63 | 0.039 0.92* | 0.120 
2 1.19 16.4 0.60 | 0.039 0.88 0.115 \ 
3 1.66 | 22.8; 0.55 | 0.038 0.83 0.110 ] 
4 2.18 30.0; 0.55 | 0.039 0.83 0.111 ¢ 
6 3.13 | 43.0) 0.52 | 0.041 0.82 0.111 
8 4.01 | 55.2) 0.50 | 0.044 0.82 | 0.111 
12 5.80 | 79.9) 0.48 | 0.058 0.90* | 0.124 ] 
16 6.55 | 90.1 0.41 | 0.064 0.87 0.116 
20 7.11 97.8 0.083 0.96* | 0.115 7 
Average. 0.84 
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TABLE VilIl—Concluded. 
! 
< Qu 2 we ne me 
(1) (2) (3) 4) (5) (6) (7) (8) 
ce. Ars. mg. per cent 
3.0 1 0.80 11.0 0.80 | 0.051 1.37" 0.160 
2 1.34 18.4 0.67 | 0.044 0.99 0.130 
3 1.99 27.4 0.66 | 0.046 1.00 0.133 
4 2.51 34.6 0.63 | 0.046 0.96 0.130 
6 3.59 49.4 0.60 | 0.049 0.96 0.130 
8 4.74 69.2 0.59 | 0.057 1.01 0.139 
12 6.59 90.6 0.55 | 0.086 SY eg 0.157 
16 7.24 99.6 0.45 0.149 1.54* 0.156 
20 7.34 | 101.0 
Average. 0.98 


* These figures have been omitted from the respective averages. 


In a graphical representation this approximate linearity becomes, 
it may be said, even more evident. In cases, therefore, where the 
proportion of substrate decomposed is not too high (and the 
enzyme concentration not too low), it is possible to assume, with- 
out serious error, that equal amounts of asparagine are hydrolyzed 
in equal times. In the later stages of the reaction this is no longer 
permissible, for the coefficient k, ultimately begins to sink quite 
rapidly. On the other hand the coefficient kz (Column 6), calcu- 
lated by the familiar equation for a monomolecular reaction, 
while it also remains for a time practically constant, finally rises. 
It might therefore be anticipated that the best description of the 
entire reaction would be obtained by an equation containing both 
a linear and a logarithmic term. An equation of this character, 


1 a 
= 
3 7.3 log 


7. It possesses, as may be noted, the same general form, kt = 
a 


+ x), has been applied to our data in Column 


m log + nx, as that found by Michaelis and Menten (21) 


to describe the hydrolysis of sucrose by invertase. In the equation 
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of Michaelis and Menten m and n are complex constants derived 
from the independently measured affinity constants of the enzyme 
for its substrate and its products; and the formula, as they use it, 
expresses rationally the influence upon the reaction rate of the 
several enzyme combinations formed. In applying it to our own 
data we have taken n arbitrarily as 1, and have found the appro- 
priate value of m by calculation from one pair of experimental data— 
those, namely, obtained at 8 and 20 hours for #H = 1.5. The num- 
ber 7.3 is therefore here a purely empirical constant, and we have 
at present no evidence to show that it could be interpreted in the 
sense required by the theory of Michaelis. All that can be 
asserted is that its use does furnish an equation which fits the 
results, on the whole, exceedingly well. Conspicuous departures 
from constancy of /3 appear with regularity only towards the end 
of the reaction. Occasional discrepancies at the beginning may 
be due to analytical errors involved in the measurement of small 
values of x. These apart, the equation may be said to describe 
quite exactly from four-fifths to nine-tenths of the entire course 
of the reaction. 

If the average velocity constants (k3), as calculated in Column 
7 of Table VIII, are divided by the relative concentrations (£) 
of the enzyme, as given in Column 1, the values obtained (0.313, 
0.325, 0.334, and 0.327) are practically identical. This means 
that, within the range represented, the velocity of the reaction 1s 
proportional to the concentration of enzyme. Under those con- 
ditions which permit the assumption that x = kt it follows, then, 
that relative concentrations of enzyme may be measured by the 
amounts of substrate decomposed in equal times. The data of 
Table VIII will be found to supply experimental justification of 
this deduction. 

In several respects the results just discussed are confirmatory 
of conclusions already reached by Clementi and Cantamessa 
(22). These authors found for instance, like us, that velocity 
coefficients calculated according to the monomolecular law usually 
rise as the action of asparaginase proceeds; and in some instances 
at least they found a practically linear relation between the 
quantity of asparagine hydrolyzed and the time. In their exper: 
ence the nearest approach to a constant coefficient of velocity was 
given by the equation of Abderhalden and Fodor (23), kt = Va - 


Va — x, an equation which implies that the speed of the enzyme 
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reaction is controlled by a phenomenon of adsorption. Column 
8 of Table VIII shows that this equation fits our data just 
as well as the one we have ourselves made use of; but, since it fits 
them no better, this can hardly be taken as proof that adsorption 
rather than chemical affinity is the force determining the action 
of the enzyme. 

As a matter of fact, we have observed that neither the one 
equation nor the other will fit the course of the asparaginase 
reaction under all conditions. The form of the velocity curve is 
probably to a large extent dependent upon the relative concen- 
trations of enzyme and substrate. The conclusions drawn from 
Table VIII apply in strictness only to the comparatively narrow 
range of conditions covered by the experiment described. The 
conditions there chosen were those under which we expected to 
put the enzyme to practical use; and it would have led us too far 
from our immediate object .to study in detail the influence of 
wider variations. 


4. Relation of Hydrogen Ion Concentration to the Activity of 
Asparaginase. 


Euler (24), in experiments of which the details have not been 
published, found that the ‘‘desamidase” of yeast acted most en- 
ergetically upon asparagine in the region of pH between 7.6 and 
8.0. Clementi (4) stated that his asparaginase was most active 
at neutral or faintly alkaline reactions, and that it was inhibited 
by small concentrations of free acid. Since it was evidently de- 
sirable to possess more detailed information concerning this 
aspect of the enzyme’s behavior, we have conducted quite a 
number of experiments both with crude extracts of yeast and with 
safranine concentrates. All gave essentially the same results, 
so that it may suffice to report only a selected number of those in 
which a safranine preparation was employed. 

The experiments of which the results are shown in Table LX 
were performed as follows: An enzyme solution of suitable con- 
centration was prepared by diluting 115 ee. of Safranine Concen- 
trate II with 135 ec. of 50 per cent glycerol; by combining KH,- 
PQ, and NaOH in varying proportions, 0.25 m phosphate mixtures 
were obtained having a pH ranging from 5.6 to 10.7; while to 
provide the substrate a 2 per cent solution of asparagine was ad- 
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justed with 0.1 N NaOH to a pH of 7.8. Mixtures were then 
made, each of which contained 10 cc. of the asparagine solution, 
10 ec. of a phosphate mixture, and 4 ce. of the enzyme suspension, 
To some of these mixtures, as indicated in Table IX, there were 
added, in order to reach the higher degrees of alkalinity, small, 


TABLE IX. 

Effect of Varying Hydrogen Ion Concentration upon Activity of Asparaginase. 
used. digest. tion mixture. (total =11.11 mg.). active. 

drops mq. per cent per cent 

5.50 5.82 0.32 2.9 6.2 

5.66 5.93 0.49 4.4 9.5 

5.95 6.13 0.45 4.1 8.7 

6.15 6.30 0.76 6.9 14.7 

6.20 6.47 1.57 14.2 30.4 

6.54 6.70 2.36 21.3 45.6 

6.74 6.89 3.10 28.0 60.0 

7.02 7.11 3.86 34.7 74.6 

7.22 7.36 4.38 39.6 84.7 

7.44 7.52 4.53 40.8 87.6 

7.98 7.90 5.17 46.7 100.0 

7.98 7.87 5.15 46.5 99.6 

9.04 8.14 5.07 45.8 98.1 

10.30 8.56 4.70 42.5 90.9 
8.75 10 8.89 4.28 38.7 82.8 

9.04 12 9.02 3.96 35.8 76.6 

10.38 12 9.15 3.70 33.4 71.6 
10.68 3 9.33 3.49 31.5 67.5 
10.68 6 9.50-9.45 3.05 27.6 59.0 
10.10 16 9.79-9.69 1.71 15.4 33. 1 
10.68 9 9.87-9.74 2.27 20.4 43.9 
10.68 12 10.18-9.83 0.81 7.3 15.7 
10.68 14 10.21-9.99 0.39 3.5 7.5 
10.68 17 10.41-10.01 0.00 0.0 0.0 

roughly measured amounts of normal NaOH. All were then 


made up to a volume of 25 cc., and set in a water bath at 30°. 
A few cc. in each case were at once withdrawn for the determina- 
tion of the initial pH. At the end of 20 hours 15 cc. were taken 
The residue was 


for the estimation of the liberated ammonia. 


used for a second measurement of pH at the end of the digestion. 
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An appreciable difference between initial and final pH was ob- 
served, and is recorded, only in the most alkaline mixtures, of 
which the buffer value was practically nl. 

It was necessary, for practical reasons, to divide the entire 
experiment into two parts, of which the second was performed 
after the first had been completed. ‘The first dealt with the pH 
range from 5.8 to 7.9; the second with 7.9 to 10.4. The final 
mixture of the first set was repeated as the first mixture of the 
second. The fact that both gave the same result shows that the 
two sets may be regarded as forming a single series. 


7 


Fer cent of maximum activity 


OQ 
Ce 


pH 5 6 7 8 9 - 


Cuartl. Relation of activity of asparaginase topH. The solid circles 
represent points taken from Table IX; the clear circles, points yielded 
by another experiment. 


From a Kjeldahl analysis of the asparagine solution it was 
ascertained that the total amount of amide nitrogen in each 15 
cc. sample was 11.11 mg. From the results in Table IX it will 
be observed that the amount of enzyme was so chosen that at most 
rather less than half of this total was liberated within the time 
allowed. Under these circumstances, it has already been shown, 
the amount of substrate decomposed in a given time is almost 
directly proportional to the concentration of enzyme. At each 
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pH therefore the relative amount of enzyme active may be taken 
as measured by the amount of amide nitrogen which it liberated 
in the experiment. It is upon this basis, and with the amount 
of enzyme active at the optimum taken as 100, that the figures in 
the last column of Table LX have been calculated. 

A graphical representation of these figures will be found in 
Chart 1, upon which have been plotted, for further illustration, 
the results of a second experiment conducted under the same 
conditions. In the construction of this graph we have used, at 
the highest alkalinities, that value of pH which lies midway 
between the initial and the final ones observed. The smooth 
curve drawn through the experimental points would indicate that 
the optimum lies between pH 7.9 and 8.1, which is in fair agree- 
ment with the statement of Euler. That the curve is not ab- 
solutely svmmetrical about this optimum may or may not be the 
result of experimental errors or of the method of calculation. 
With respect to the ranges covered respectively by the ascending 
and the descending limb, symmetry is almost exact. The total 
range within which the enzyme exerts a detectable activity extends 
apparently from pH 5.5 to 10.8. 

Further experiments, in which the conditions (especially the 
concentration of enzyme) were somewhat varied, have given curves 
entirely similar in form to the one presented, but occupying some- 
times a slightly different position upon the scale of pH. In the 
most extreme instance of such a displacement all of the points 
lay about 0.25 pH units to the left, so that the optimum, for 
instance, instead of being at 8.0, was at 7.75. The cause of this 
variability, which is not without its precedent, we have not 
sought to discover. 


5. Inactivation of Asparaginase by Heat. 


Our experience in handling asparaginase has taught us that it 
is in many ways exceedingly liable to destruction or inactivation; 
and one factor of which we have specifically studied the dele- 
terious influence is heat. ‘The rapid disappearance of the en- 


zyme even at but moderately elevated temperatures is illus — 


trated by the following experiment. 
30 ee. of Safranine Concentrate II were diluted with 50 per 
cent glycerol to 100 ec.; and 4 ee. of this diluted asparaginase were 
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mixed, in each of sixteen tubes, with 5 ee. of a phosphate buffer 
solution of pH 8.18. The mixtures, which had a pH of 7.87, were 
maintained, in pairs, for 20 hours at the different temperatures 
noted in Table X. At the end of this exposure they were cooled 
or warmed to 30°, and to each were added 5 ce. of 2 per cent 
asparagine. ‘The ammonia subsequently liberated in each tube 
was determined after the usual interval of 20 hours. The results, 
as recorded in Table X, show that even at a temperature of 30° 
more than half of the enzyme had disappeared within 20 hours; 
at 50° its residual activity was then barely perceptible; while at 
55° its destruction was already complete. These effects occurred 
at a pH which is optimum for the activity of the enzyme, and in 
the absence of the substrate. How far they would be modified 


TABLE X. 
Heat Inactivation of Asparaginase. 


Temperature to Temperature and 

which enzyme Time of ti " eo t Amide N liberated 

exposure. (total = 9.26 mg.). 
‘Se hrs. mi. per cent 
3 20 20 hrs. at 30°. 4.16 44.9 
30 20 ee 1.74 18.8 
35 20 0.92 9.9 
40 20 ee 0.65 7.0 
45 20 0.10 
50 | 20 ae 0.07 0.7 
55 20 0.00 0.0 


by variations in hydrogen ion concentration or by the presence of 
asparagine, we cannot at present say; neither can we tell to what 


extent they may have been due not to heat per se, but to the 


enhanced activity of some accompanying protease. 

In an earlier experiment, recorded in Table I, we observed in a 
crude yeast extract a rate of inactivation at 35° much inferior to 
that now found in a safranine concentrate. The difference sug- 
gests the presence in the cruder material of some substance or 
substances that have a protective action. 

The experiment of Table X shows that safranine concentrates, 
if they are to retain their activity for any length of time, should be 


preserved at a temperature as close as possible to the freezing 
point. 
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6. Specificity of Asparaginase. 


In the experiments already described there may be found 
sufficient evidence that yeast asparaginase removes by hydrolysis 
only the amide group of its substrate, leaving the amino group 
entirely unaffected. Thus in Table VI it is shown that neither hy 
increasing the relative amount of enzyme nor by diminishing the 
relative amount of substrate is it possible to obtain from aspara- 
gine more than half of its total nitrogen; while from Table VIII 
(with FE = 3.0) it appears that once the amide nitrogen has been 
completely liberated (at 16 hours) a prolongation of the action 
(to 20 hours) adds no appreciable quantity to the ammonia ob- 
tained. The absence of a deaminizing action in our preparations 
hardly required further demonstration; but we have clinched the 
point by conducting several experiments in which solutions of 
sodium aspartate were incubated for 48 hours with the active 
Safranine Concentrate II. In no case did we obtain any sig- 
nificant amount of ammonia. The enzyme is specific therefore 
in the sense that it can hydrolyze only an amide group. 

The records of the literature leave it doubtful whether the 
enzyme hydrolyzing asparagine can attack in a similar manner 
other amides. We have therefore tested the action of our Safra- 
nine Concentrate II upon urea, formamide, acetamide, propion- 
amide, valerianamide, succinamide, oxamide, and salicylamide. 
The first five of these were used in the form of 1 per cent aqueous 
solutions, succinamide as a saturated solution (0.45 per cent at 
15°), and the remaining two (which are nearly insoluble) as ! 
per cent suspensions of the finely ground material. In each test 
5 ec. of the amide solution (or suspension) were mixed, in dupl- 
cate, with 10 cc. of phosphate buffer (pH 8.18) and 3 cc. of the 
enzyme suspension; the volume was made up to 25 cc.; and the 
ammonia of a 15 cc. fraction was determined after 20 hours of 
digestion at 30°. Suitable blanks were run in each case, and for 
comparison a similar experiment was run simultaneously in which 
the substrate was 10 cc. of 1.5 per cent asparagine. The aspara- 


gine mixture yielded 7.17 mg. of ammonia nitrogen. None o ' 


the others yielded any more ammonia than the corresponding 
blank. It is certain therefore that our preparation had no actioD 
whatever upon any of the amides tested. 
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Some time after the joint work here under report was completed, one of 
us (A. H.) received from Dr. H. B. Vickery of the Connecticut Agricultural 
Experiment Station (to whom grateful acknowledgment is now made) a small 
specimen of glutamine. A few preliminary experiments conducted in this 
laboratory by Mr. H. B. Collier have shown that this biologically impor- 
tant homologue of asparagine undergoes in feebly alkaline phosphate mix- 
tures at 30° a slow spontaneous hydrolysis; but that in the presence of our 
yeast enzyme this hydrolysis is greatly accelerated. It appeared, though, 
that under like conditions the enzymatic hydrolysis of glutamine is rather 
less rapid than that of asparagine. Further experiments with glutamine 
will be undertaken as soon as a further supply of the material is available. 


7. Asparaginase in Calf Liver. 


While yeast proved to be in our hands an entirely convenient 
source of asparaginase, we have not neglected to test the possi- 
bility of obtaining it also from an animal source. With this 
object we prepared from the livef of the calf (1) an extract ob- 
tained by treating the finely ground organ with an equal weight of 
50 per cent glycerol, (2) a precipitate produced by adding to some 
of this extract 2 volumes of ethyl alcohol mixed with 1 volume of 
ether, (3) a dry liver powder made according to the directions of 
Wiechowski (25). In parallel experiments we then tested the 
effect, upon 10 ec. of 1.5 per cent asparagine solution, of (a) 5 ce. of 
the glycerol extract, (b) 0.2 gm. of the dried alcohol-ether pre- 
cipitate, and (c) 0.5 gm. of the whole liver powder. In each case 
the mixture was treated with 10 cc. of a suitable buffer solution 
and enough water to make a total volume of 25 ec.; the ammonia 
was determined, after 20 hours at 30°,in 15 cc. The test with the 
glycerol extract yielded 2.68 mg. of ammonia nitrogen, which was 
36 per cent of the total amide nitrogen available (7.42 mg.). 
The other two preparations showed no activity whatever. It 
appeared therefore that the liver, as Lang and Clementi had 
claimed, contains asparaginase; and that this liver enzyme, like 
that of yeast, is very labile, being destroyed by drying or by con- 
tact with aleohol and ether. Clementi (4), it is true, found that 
the aleohol and acetone precipitates, which he prepared from 
guinea pig liver, were by no means inactive; but his results do 
not allow us to compare their potency with that of the original 
extracts. 

The activity of our liver extract was inferior to that of similarly 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL. LXXVII, NO. 1 


| 
d 
is 
n 
| 
ne 
of 
re 
g- 
re 
he 
er 
| 
le. 
us 
at | 
ost | 
i- 
he 
he 
of | 
for 
ich 
ra- 
of 
ing 
ion 


228 Asparaginase 


prepared extracts of yeast; but it would be unfair to generalize g 
single observation of this kind. 


SUMMARY. 


1. The enzyme asparaginase may be obtained by water or 
glycerol extraction of thoroughly disintegrated yeast cells. 

2. It is present also in the liver of the calf. 

3. It is very labile, being rapidly destroyed not only by heat but 
also by contact with cold alcohol or acetone. 

4. It is adsorbed by kieselguhr and by ferric hydroxide. 

5. It may be precipitated by adjusting the pH of its solution to 
approximately 4.5. 

6. It may be conveniently concentrated and partly purified by 
precipitation with safranine; but the product thus produced is 
still contaminated by protease. 

7. The active enzyme obtained by the safranine method removes 
quantitatively as ammonia the amide nitrogen of asparagine, but 
leaves the amino group intact. 

8. Of a number of other acid amides tested the enzyme was 
found to hydrolyze only glutamine. Its action is_ therefore 
limited, as far as known, to the amides of the two amino acids, 
aspartic and glutamic. 

9. The course of the enzymatic hydrolysis of asparagine 1s 
not described by the law applicable to a simple monomolecular 
reaction; coefficients of velocity calculated by that law increase 
as the reaction proceeds. 

10. Nearly constant coefficients are yielded by the equations 


kt = m log + 2x (in which m is an empirical constant) 


a-— 
and kt = Va — Va — 2. 

11. Asparaginase exerts its maximum activity at pH 7.9 to 
8.1, and its range extends on either side of this optimum to about 
5.5 and 10.3. 
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ANEW DIFFERENTIATION BETWEEN THE ANTINEURITIC 
VITAMIN B AND THE PURELY GROWTH- 
PROMOTING VITAMIN B.* 


By HERBERT M. EVANS anp GEORGE O. BURR. 
(From the Department of Anatomy, University of California, Berkeley.) 


(Received for publication, February 9, 1928.) 


It has become increasingly clear that vitamin B consists of at 
least two substances, but that both of these occur in some of the 
well known sources of vitamin B, e.g. yeast. ‘The most important 
early evidence for this separation of vitamin B rested upon small 
quantitative differences in the distribution of the two substances 
in the foods containing them. Recently differences in stability 
and solubility of these substances have added their weight to the 
belief that there is an antineuritic and a purely growth-prcmoting 
water-soluble vitamin. 


A comprehensive review of the literature will not be given in this paper. 
The recent article of Chick and Roscoe (1) refers to most of the recent 
articles on this subject. The short paper of Smith and Hendrick (2) 
gave excellent evidence of the presence of two factors in yeast, the anti- 
neuritic vitamin B and a thermostable growth-promoting vitamin. 2 
weeks later, the longer and more comprehensive paper of Go!dberger, 
Wheeler, Lillie, and Rogers (3) was published. This work has left no doubt 
as to the presence of two factors in yeast, the factor P-P (as yet not sep- 
arated from the growth-promoting vitamin B) and the antineuritic vit amir. 
These authors also point out that maize is a rich source of the antineuritie 
vitamin but is very low in the thermostable growth-promoting factor. 

Hauge and Carrick (4) soon after published work done on chickens, which 
agreed in every respect with that of Goldberger et al. They had obtained a 
dried brewers’ yeast which was very low in the antineuritie vitamin but. 
quite rich in the growth-promoting factor. As a consequence the birds 
which grew normally soon came down with polyneuritis. They found corm 
and corn germ to be rich sources of the antineuritic vitamin, yet very low 
in the other growth-promoting factor. The recent papers of Hassan and 


* Aided by grants from the Committee for Research on Problems ef 
Sex of the National Research Council and from the Bureau of Dairying 
of the United States Department of Agriculture. These funds have 


been generously augmented by the Loard of Research and by the Ccllege of 
Agriculture of this institution. 
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Drummond (5) and of Chick and Roscoe (1) have confirmed the earlier work 
_ by showing that yeast contains a thermolabile antineuritic vitamin anda 
thermostable growth-promoting vitamin. The latter authors have added 
the observation that wheat germ is relatively poor in the growth-promoting 
vitamin B. Salmon (6) has also shown an unequal distribution of the two 
factors in the seeds and leaves of the soy bean and velvet bean. He has 
also found that an extract adsorbed on fullers’ earth was rich in the anti- 
neuritic vitamin, while the residue carried all of the other growth-promot- 
ing factors. 


In working with the highly purified diet, No. 519 (Table J), 
this laboratory has come upon an almost perfect separation of the 


TABLE I. 
Ingredients. 232, | 387. | B19, | 520, | 535 
Casein (commercial)...................- 32.0 | 30.0 25.8 30.0 
40; 3.8; 3.8) 4.5 
Corn-starch (cooked)................... 40.0 | 46.0 
Lard (commercial)...................... 22.0 20.0 20.0 
Sucrose (commercial)................... 70.4 45.5 
42.2 


*McCollum, FE. V., and Simmonds, N., J. Biol. Chem., 1918, xxxiii, 68. 
t 3 drops fed daily. 


antineuritic and growth-promoting vitamins B. It will be noted 
that Diet 232 is made of ordinary commercial products while 
Diet 519 contains only Van Slyke casein, recrystallized sucrose, 
and highest purity salts. When Diet 519 is supplemented by 
dried yeast (0.7 gm. daily) and cod liver oil (3 drops daily), good 
growth ensues for a while and the curves assume a plateau when 
the rats are about 130 to 150 gm. in weight (Fig. 1). If lard 
devoid of vitamin B be added to this diet, the growth is normal. 
It is apparent, therefore, that our yeast contains both of the 
vitamin B factors,! for the failure to grow to normal weight on 

1 The experiments reported in this paper have all been conducted with 


single source of whole dried yeast, that kindly furnished by the Fleisch- 
mann Company of New York, and presumably their strain F. We have 


recently found indications of considerable variation in the amount of 
growth-promoting vitamin B in yeasts; in fact, 700 mg. daily of one sample 
tested by us gave growth and ovulation superior to that secured with | 
gm. daily of the yeast here employed. 
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Diet 519 is due to a new deficiency remedied by lard, lettuce, 
and beef liver (7). i 
Now if Diet 519 is supplemented by 2 drops of the antineuritic 
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WEIGHT in GRAMS 
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S 


Diet “519+3 drops cod liver oil | 
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Fig. 2. Individual growth curves showing the inferior growth of animals 

on Diet 519 + 3 drops of tikitiki when compared with litter mate sisters 
on Diet 232 + 3 drops of tikitiki. 
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Fig. 3. Composite growth curves (six animalseach, litter mates) showing 
the better growth of animals when commercial casein and commercial corn- 
starch are used in the diet. 


concentrate tikitiki,? only the slightest growth can take place, the 
animals hardly increasing their weaning weights, yet without 
suffering from any evident upset over a period of from 4 to 6 
months. Even when the dose is trebled (6 drops daily) the 


2 Philippine J. Sc., 1921, xix, 67. Tikitiki is the dilute alcoholic extract 
of white rice polishings made by the Philippine Bureau of Science for dis-  — 
tribution to the natives of the islands. We are greatly indebted to Dr. A. 
H. Wells, chemist in charge, for our supply of this valuable concentrate of 
antineuritic vitamin B. 
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animals grow insignificantly, attaining about 85 gm. at the close 
of ahalf year (Fig. 1). Onthe other hand, the more impure diet, 
No. 232, without yeast, shows very considerable growth when 
supplemented Ly 2 or 3 drops of tikitiki daily (Table II and Fig. 2). 
The results show clearly that tikitiki is almost entirely lacking in 
growth-promoting vitamin B though possessing the antineuritic 
vitamin. When both yeast and tikitiki are withheld from rats on 
Diet 519, the animals cease growing at once. Death is invariable 
within 3 weeks. 


Sources of the Growth-Promoting Vitamin B in Diet 232. 


It is evident from Table II and Fig. 2 that Diet 232 contains 
enough growth-promoting vitamin B for very considerable growth 
when 3 drops of tikitiki are fed daily to furnish the antineuritic 
vitamin. It became of interest then to find just what ingredient 
of the diet carried most of the growth-promoting factor. The 
results of these experiments are given in Table III and Fig. 3. 

The somewhat improved performance of animals on Diet 519 
in this group can be referred to the facts that new tikitiki was used 
and that the animals were kept in larger cages with three in a 
cage rather than in individual cages. The survey of Fig. 3 
shows a very considerable growth-promoting vitamin B carried 
in the commercial casein and commercial sugar when compared 
with the pure ingredients (Diet 520 compared with Diet 519). 
When lard is added to the casein and sugar (Diet 525), a still 
further acceleration of growth results. We have already stated 
that we refer this to the presence in lard of what is probably a 
new growth-promoting factor. If Diet 525 is changed only by the 
substitution of corn-starch for sugar (Diet 387), further accelera- 
tion of growth results—an acceleration which we believe can be 
referred to the increased stores of growth-promoting vitamin B in 
corn-starch when compared with sugar. 


CONCLUSIONS. 


1. A new and striking differentiation has been secured between 
the antineuritic vitamin B and the purely growth-promoting 
vitamin B, 
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2. The concentrate of antineuritic vitamin B, called tikitiki, is 
almost lacking in growth-promoting vitamin B. 

3. Growth-promoting vitamin B is carried both by commercial 
corn-starch and by commercial casein. 
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STUDIES ON THE OXYGEN-, ACID-, AND BASE-COM- 
BINING PROPERTIES OF BLOOD. 
III. THE VALIDITY OF HYDROGEN ION ACTIVITY DETERMINATIONS 
BY THE HYDROGEN ELECTRODE IN SYSTEMS CONTAINING 
CARBONIC ACID, CARBONATES, HEMOGLOBIN, CARBON 
MONOXIDE HEMOGLOBIN, AND METHEMOGLOBIN. 
By WILLIAM C. STADIE anno EFFIE ROSS HAWES. 
(From the John Herr Musser Department of Research Medicine, 
University of Pennsylvania, Philadelphia.) 
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INTRODUCTION. 


The theory of the hydrogen electrode is so well known that we 
give here no more than will make the purpose of this paper clear. 
If 


ayit = known hydrogen activity of some convenient reference 
solution, e.g.0.1N HCl 
ait = unknown hydrogen activity of any solution 


Pins Pi the respective hydrogen pressures with which the solu- 


tions are in equilibrium 


2 


then if each solution is set up as a half-cell in equilibrium with 
gaseous hydrogen at the respective partial pressures Py, Py, 
the combination forms the cell 


Pt | | 0.1 x HCl (aj;,) 


Liquid junction 


(Pit) | 


Neglecting the liquid junction for the moment, we find the electro- 
motive force of this cell is 


P. 
RT H 2 
(1) 
NF H, 
where & = gasconstantsinelectrical units = 8.316 joules per degree 
absolute temperature 


V = No. of gm.-ions = 1 
1 faraday = 96,494 coulombs per equivalent 


Substituting into Equation 1 these values and transposing to 
Briggsian logarithms, we get 


Pu, 2 
E = 0.0001984 T log — (2) 
\ Pa, 


In practice each half-cell is set up with a stable reference half- 
cell of constant E.M.F. = é giving the cells 


Pt | He(p,,,) | 0-18 HCl(ay.) |) Reference cell(e,), EMF. = 
Pt | Hz (P42) | (244+) Reference cell (e,), E.M.F. = E; 
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Again, if we disregard the liquid junction potentials L, and Ly, 
itis clear that H = — 

From these observed E.M.F. determinations ajj+ may be calcu- 
lated by Equation 2, provided we make certain assumptions. 
Some of these assumptions are known to be inexact. The limita- 
tions which these assumptions put on the electrometric deter- 
mination of ay+ (or pag, the negative logarithm of this value) 
have on the whole been clearly realized for simple aqueous solu- 
tions. However, in biological fluids containing protein, BHCQs, 
H,CO3, COe, and BCI, the amount of investigation designed to 
test them has been limited. 

In this paper we have outlined these basic assumptions and 
have presented experimental evidence bearing on them where- 
ever possible. Although we have used hemoglobin NaHCQs, 
H,CO;, CO., NaCl systems exclusively, our experimental results 
are, we believe, of significance in the general subject of the validity 
of pay, determinations in protein-containing solutions. 

Assumptions Which Must Be Made to Calculate pay in BHCO3- 
H,CO3;-Hb Systems.—These assumptions may be conveniently 
given under the following captions but will not be discussed in 
strict order. 


I, Assumptions which affect the absolute magnitude of the pay of the 
unknown solution. 
1. pay of the standard reference solution. 
2. Liquid junction potential of reference solution, e.g. 0.1 N HCl 
and reference half-cell. 
3. Reproducibility and constancy of the hydrogen electrode. 
4. Absence of appreciable side reactions. 
5. Hydration of the hydrogen ion in hemoglobin solution. 
. Assumptions which affect the relative magnitude of the pay of the 
unknown solution. 
A. At constant temperature. 
6. Liquid junction potential of unknown solution and reference 
half-cell. 
7. Reversibility of the e.m.r. of hydrogen electrode in Hb- 
NaHCO;, H2CO;, NaCl solutions. 
B. At varying temperature. 
8. Temperature effect on pay of reference solution. 
9. Temperature effect on liquid junction potentials of the un- 
known solution, the reference solution, and reference half- 
cell. 
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ay+ of Reference Solution and Liquid Junction Potential of 
Reference Solution and Reference Cell.—The prevailing cell system 
for pay determinations and the one used throughout the work 
here is composed of the two cells 


HgCl | | | 
Saturated | | 
1. Hg/ in saturated KCI (0.1 N HCl (ajy+) Pt 
KCl | 
HgCl NaHCO; | 
2. He | in enturated | Pt|....2 
KCl Hy, 
KCl Hb 


The saturated calomel half-cell is merely a convenient and 
constant source of E.M.F. whose E.M.F. value, é, is calculated by 
the equation 


7 1 
éo = EH, — 0.0001984 T log a,,, ts y — Dy (3) 
H, 


from the values of activity of the hydrogen ion in 0.1 N HCl and 
the liquid junction potential Z;. But neither ay nor Z; is known. 
As an approximation we assume the liquid junction potential to 
be zero and take 10-'-°8 (from 15-40°) as the ag+ of 0.1 N HC. 
But this value is the mean ion activity product. = at 
of HCl as determined by Noyes and Ellis (1917) in cells without 
liquid junction potential. In other words we assume ag: = 


ay. = Vays * “aa 


This assumption is inexact, and further, although Z; is completely 
unknown, it certainly is not 0. 

We may calculate the possible magnitude of error in pag re 
sulting from these two assumptions from the data already at hand. 
Lewis and Randall (1923, p. 382) have calculated the individual 
ion activity coefficients (y;) of some common ions from the mea 
ion activity coefficients (obtained from freezing point data), 
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employing the assumption of MacInnes that in a dilute solution 
of KCl yx+ = vcr. From their table we have at 0.1 M yq+ = 
0.84, = 0.79. In0.1N HCl then 


Y 
10908 (5) 


But the mean ion activity coefficient, yyc of 0.1 N HCl, is 10~'-% 
= (1.832, so that 


V = 0.832 (6) 
From these two equations by elimination of yc)- we get 


YH+ (0.1N HC) 0.858 (7) 


i.e., the pay of 0.1 N HCl = 1.066, a difference of 0.014 from the 
assumed value of 1.08. 

L, is estimated by Fales and Fasburgh (1918) to be 0, by 
Harned (1926) to be 0.00158 volt, and by Scatchard (1925) to 
be 0.0047 volt, equal respectively to 0, 0.025, and 0.076 pay 
units. The absolute value of the pay of 0.1 N HCl, and therefore 
of the unknown solution when 0.1 N HCl is used as the reference 
solution, may be in error by 0.09 pay units as a result of the 
uncertainty in the values of ay+ and L;. The estimate of this 
error is of course an approximation since both calculations involve 
the uncertain assumption of MacInnes that y_x+ = yer. 

We do not escape this dilemma by choosing another reference 
solution since as before its ay+ and ZL; would be unknown. 

Liquid Junction Potential of Unknown Solution and Reference 
Half-Cell—The ay+ of the unknown solution in the second cell 
is calculated from the relation E,—e) = 0.0001984 T log ay+ — Lz. 
As before we are completely ignorant of the value of Lz so that 
we are not in a position to calculate the true value of ay+. Ther- 
modynamically, as Harned (1926) has shown, a liquid junction 
potential is given by the algebraic summation 


RT 
L=-— | fom nt 
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d 
0 
t 
4 
al 
); 


246 Hydrogen Ion Activity in Hb Solutions 


where ¢;, y;, and c; are the transport number, activity coefficient, 


and concentration of the ion. In general if t; = ¢,) = ¢,” = 
In the liquid junction 

Nat 

HCOz | K+ 

Cl- Cl- 


Ht (In saturated KCl.) 


Hb 
Ly 


since cy+ is small, if we assume (1) that the transference numbers 
of Nat, K+, Cl~, HCO3~ are not greatly dissimilar and (2) that the 
activity coefficients of the ions in the hemoglobin solution are not 
greatly different from their respective values in simple aqueous 
solution, it is probably true that this liquid junction potential is 
small but, what is still more important, that it 1s practically con- 
stant over narrow ranges of concentration of (B+, HCQO3~, Cl-, H?, 
Hb). In other words we make the more tenable assumption that 


DL, = L,’ = In” =.... (8) 


It is evident that whereas the true pay of such systems may differ 
by < 0.09 pay units from the pag calculated on the basis of this 
assumption alone (7.e. Le = 0), the relative values at constant 
temperature in BHCO;-CO.-H2CO;-BCI-Hb systems, varying 
in the concentrations of their constituents from Hb = 0, BCI = 
0, BHCO; = 10 mm to Hb = 20 mm, BCI = 200 mm, BHCO; = 
50 mM, may also be in error but by a negligible factor due to the 
inexactness of Equation 8. 

Experimental Testing of Assumption L, = Lp’ = = 
by the Bjerrum Extrapolation.—We have tested this naseuaiien 
over a widely varying range of BHCOs:, BCl, and hemoglobin 
concentration by means of the Bjerrum (1911) extrapolation. It 
suffices to say at this point that the Bjerrum extrapolation method 
for the determination of liquid junction potentials does not yield 
true liquid junction potentials but does reflect their magnitude and 
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would show whether there is any significant change in the junction 
potential of 


NaHCO; 
CO, 
Saturated KCl || H,CO; 
NaCl 


when the system is changed from a dilute aqueous solution to a 
concentrated hemoglobin-containing solution. 

The technique for the determination was that used by Walpole 
(1914). The cells used were 


1. Hg | HgCl| KCl (sat.) |! KCI (4 sat.) || KCI (sat.) | HgCl| Hg E, = BL, 


2, Hg! HgCl| KCl (sat.) || KCl (4 sat.) || Solution X || KCl (sat.) |HgCl| Hg FE; = BL, 


The first cell being symmetrical should give zero E.M.F., but, 
owing to the difference of the two calomel cells, gave a constant 
reproducible E.M.F. of —0O.6 millivolt. The interposition of 
Solution X changed the E.M.F. so that E.—£, gives the Bjerrum 
extrapolation. 

From Table I it is seen that the Bjerrum extrapolation values 
(BL2) are all approximately equal, and since the difference of any 
pair is usually considerably less than 1 millivolt, we may say 


BL, — BL,’ = BL,’ wie BL,” < 0.001 volt (9) 


If then these Bjerrum extrapolation values are proportional to the 

liquid junction potentials of the junction 

BHCO; | 
4 
Saturated KCl || H.CO; 

BCl 

Hb 


variations of this potential as the concentrations of the constituents 
are changed over the range NaHCO; = 10 mm; Hb, NaCl = 0 
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to NaHCO; = 40 mm, BC] = 160, Hb, MtHb, HbCO = 19 my, 
introduce an error of less than 0.001 volt or 0.016 pay units in 


such comparative pa; determinations. 
Temperature Effect on ay+ of Reference Solution and on Liquid 
Junction Potentials —The mean ion activity coefficient of 0.1 x 


TABLE I. 
Bjerrum Extrapolation in NaHCO;-H2CO;-Hb Systems. 


Constants. June 17, 1926. 


E, = —0.6 millivolt. 
t = 38° 
Solution. E: — Ei =Bly 

mallivolt 


HCl as determined by Noyes and Ellis (1917) in cells without 
liquid junction is = 1071-8 = 0.832 between 15-40°. By 
assuming within this temperature range that 


— = constant (10) 

L; = constant (11) 
L, = L,’ = L.” = constant (12) 


we may compare calculated pay, values at two temperatures. 
The magnitude of the error in such a relative comparison will 
depend upon the inexactness of Equations 10, 11, and 12. The 
temperature effect on the hydrogen ion activity of the reference 
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solution and the liquid junction potentials Z, and ZL, remains, 
however, completely unknown although it is probably small. 
Nevertheless, we must not be surprised to find that thermodynamic 
calculations from one temperature to another based on electro- 
metric pay;; determinations may have an inherent error (see sub- 
sequent discussion of this point). 

These difficulties await solution through an exact determination 
of ay+ in the reference 0.1 N acid at all temperatures and an 
adequate method for the determination of liquid junction poten- 
tials. At present the situation is a circular one. We cannot 
determine individual ion activities without knowing the liquid 
junction potential and per contra we cannot determine liquid 
junction potential without knowledge of the individual ion 
activities (see Harned, 1926). 

Reversibility of E.M.F. of Hydrogen Electrode in BH CO3-H,CO3- 
Hb Systems.—The important assumption (No. 7) that in the 
measurement of pay in BHCO3-CO.-HeCO;-BCl systems with or 
without hemoglobin, we are dealing with a reversible E.M.F. has 
not to our knowledge been tested experimentally. In the thermo- 
dynamic sense a reversible process is one which takes place in a 
system which is always in equilibrium. Hence it shows no tend- 
ency to occur spontaneously but may be made to proceed with 
infinite slowness in either direction by making an infinitely small 
change in the variables P, V, T of the system or their thermo- 
dynamic equivalents which in a galvanic cell are EF, [cl], and T. 
Unless the reaction taking place within the cell is reversible, 
E.M.F. measurements are quite without significance, at least in so 
far as pa,;, calculations are concerned. The cell reaction with 
which we are concerned in a given solution is the half reaction 


In another solution we would have 
Hr) + 0 
The total reaction in these two half-cells would then be 


The subscripts denote the activities (in the case of gaseous hydro- 
gen Py, = ay,). To prove that this cell reaction in our BHCO;- 
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CO.-BCIl-Hb systems is reversible we must show that the free 
energy change AF is given by the equation 


— AF = NEF (13) 


Since Equation 1 enables us to equate NEF to a, a’, Py,, and Py, 
this is equivalent to saying that we must show that the E.M.F. is 
proportional to the logarithm of the activities of the reacting 
constituents; 7.e., H. or H*. 

Variation of E.M.F. of a BHCO3-H2COs; System with and without 
Hemoglobin with the Pressure of Hydrogen.—The familiar 
Equation 2 


Pi, 2 
E.M.F. = 0.0001984 7 log —— { —— 


enables us to apply this proof, since this relation is derived ther- 
modynamically by making the fundamental assumption that a 
reversible process is concerned. Unfortunately at present we 
have no independent method of determining the hydrogen ion 
activity in our systems and naturally we cannot use an E.MF. 
measurement of ay+ to test itself. We may however, use varia- 
tions of the molecular hydrogen activity (which is of course 
proportional to Py,) to test the logarithmic proportionality 
required for a reversible E.M.F. In any one system the ay: 1s 
constant. Therefore, with variations of hydrogen pressure 


Pu, 
E.M.F. = 0.0000992 7 log —— (14) 
Pur, 


To test this relation experimentally we measured the E.M.F. of 
one solution in equilibrium with hydrogen at widely varying pres 
sures. For simplicity of comparison we have corrected each 
observed E.M.F. to Py, = 760 mm. of Hg by Equation 14. 
This corrected E.M.F. divided by 0.0617 gives the pay. These 
values should agree at all pressures of Ho. 

Two solutions of NaHCOs, one with 10 mm of carbon monoxide 
hemoglobin and the other without, were equilibrated at 38° with 
a mixture of CO, of about 40 mm. and hydrogen about 680 mm. 
The solution phase was separated over mercury without contact 
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with air (see technique in the following paper) and samples were 
transferred to electrode vessels together with gas mixtures of the 
same CO, tension but varying hydrogen tension. Nitrogen and 
carbon monoxide were used as diluents. The resulting E.M.F. 
was determined as described in the sections on technique. ‘The 
data are given in Tables II and III. The close agreement of the 
pay values in the same solution over a range of hydrogen pressure 
of 286 to 666 mm. is a proof of the exactness with which the 
theoretical relation (Equation 14) is followed. It should be 
further noted that in the second experiment the diluent gas was 


TABLE II. 
Variation of e.M.F. of Hydrogen Electrode in a NaHCO;-H2CO; Solution at 
Varying Partial Pressure of Hydrogen. 
Constants. June 2, 1926. 
NaHCO; = 19.8 mo per liter. © H:CO3 = 1.51 mo per liter. 


Fco, = 47 mm. Hg. €o9 = 0.2366 volt. 
aco, = 0.0325 lo NaHCO; _ 112 
t = 38° “HCO; 
N» used as diluent in electrode gas phase. 
Pay 
Pro Es E.M.F. observed. Calculated to Py, 
= 760 mm.Hg. 
mm,.Hg volt volt 
660 0.0019 0.6870 7.33 
663 0.0018 0.6867 7.33 
544 0.0045 0.6850 7.34 
426 0.0079 0.6819 7.35 
286 0.0131 0.6771 7.35 


CO varying from 0 to 330 mm., indicating the non-interference of 
this gas in E.M.F. measurements. Hastings, Sendroy, Murray, 
and Heidelberger (1924) have previously found that a partial 
pressure of CO up to 10 mm. of Hg has no influence on the pay 
of phosphate buffers. 

Comparison of Free Energy Change Calculated by Different 
Methods for the Reaction H2CO; = H+ + HCO,;-.—Since the 
standard free energy change of a reaction is AF® = — RT In K, this 
coniparison merely gives a comparison of the dissociation constants 
of HCO; by the electrometric and other methods. We use the 
extrapolated E.M.F. pK (y,co,) at infinite dilution of Warburg 
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(1922) and of Hastings and Sendroy (1925) and the conductivity 
pk, in dilute HCO; solution of Kendal (1916). 

The data in Table 1V show excellent agreement at 38° between 
Hastings and Sendroy’s pK, and the extrapolated conductivity 


TABLE ITI, 


Variation of £.M.¥. of Hydrogen Electrode in NaHCO3-H2CO;-HbCO Solution 
at Varying Partial Pressure of Hydrogen and in Presence of CO. 


Constants. June 11, 1926. 
HbCO = 11.1 mo per liter. 
Available base = 34 m.-eq. per liter. 
NaCl = 0 


aco, = 0.0266 
H.CO; = 1.83 mo per liter. 
NaHCO; = 20.5 m.-eq. per liter. 


Pco, = 68.8 mm. Hg. €o = 0.2366 volt. 
NaHCO; t = 38° 
= 1.05 
08 HCO; 
CO used as diluent in electrode gas phase. 
Pay 
Pro Poo E.M.F. observed. Calculated to Py, 
= 760 mm.Hg. 
mm.Hg mm.Hy volt 
316 330 0.6634 7.12 
442 204 0.6682 
646 0 0.6736 7.12 
TABLE IV. 
Free Energy of Ionization of Carbonic Acid. 
Method. t | PK, AF® 
of calories 
E.M.F. 38 6.330 9010 16.5 
18 6.514 8680 
25 6.460 8820 20.0 
Conductivity. 0 6.656 8320 
38* 6.360 9080 


* Extrapolated. 


value, but this agreement is fortuitous since the agreement at 


A 
other temperatures is lacking. Indeed 


ent in the two cases. 


"0, 


ae 
is quite differ- 


AT 


We are inclined to believe that this dis- 


crepancy is not due to any irreversibility of the E.M.F. but to the 
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limitation of the other assumptions under discussion and which 
are involved in the calculations. 

Thermochemical and Electrochemical Heats of the Reaction HCO; 
= H+ + HCO;-.—We have already discussed in part the difficulties 
involved in making thermodynamic calculations from one tem- 
perature to another from electrometric pay measurements. It 
is not surprising then to find that the heats of ionization of 


TABLE V. 


Heats of Ionization of Carbonic Acid and 


by 


Independent Methods. 


Method. 
calories 

Calorimetric measurement of heat of neutrali- 

Conductivity of very dilute solution of carbonic 

acid at 0° and 25° (Kendal, 1916)............. 2940 0.0072 
Electrometric in NaHCO;-H2CO;- 

NaCl systems at 18° and 38° (Warburg, 

(Cullen, Keeler, and Robinson, 1925)......... 2050 0.0050 

(Stadie and Hawes, 1928)..................... 2050 0.0050 


carbonic acid determined by different methods do not agree. 
The van’t Hoff isochore 


Ki _ (T, — T:) SH 
x, 2x28 


t’ 


(15) 


log 


enables us to calculate the heat of ionization AH of carbonic 
acid from electrochemical evaluations of K,and K+, the dissociation 
constants at two temperatures. This value should agree with 
other determinations; viz., the values of Thomsen (1882) obtained 
by direct calorimetric measurement of the heat of neutralization 
and of Kendal (1916) obtained by conductivity measurements in 
dilute HCO; solutions. 


ApK, 
In Table V we have calculated a at 25° by the van’t Hoff 


isochore from the experimentally determined heats of ionization. 
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The electrometric method gives values 25 per cent lower than the 
other two methods. This is probably quite outside of the error 
of the methods and is due to the inexactness of our assumptions 
(No. II, B, 8 and 9), and also to the assumption that conductivity 
measures activity even in dilute solution. For the present we 
cannot regard this discrepancy as a proof of the irreversibility of 
the cell reaction. As a further test of the non-interference of 
hemoglobin in the reversible cell process, however, we have 


TABLE VI. 
Aplx’ 
Calculated from in Solutions of Reduced Hemoglobin 


at 20° and 88°. 


Constants. Oct. 6, 1926. 
Hb = 10.62 mo per liter. 
Available base = 29.5 m.-eq. per liter. 
€o = 0.2478 volt at 20° + (20—1t) 0.000762 volt. 
* 


| gion. | | rected. | Mean. 

20.1 0.0 29.5 47.2 24.08 1.99 0.6614 7.12 | 6.07 
21.0 0.0 29.5 48.8 24.33 2.06 0.6618 7.14 gl 6.09) : 
38.0 0.0 29.5 49.4 17.74 1.32 0.6754 7.11 6.01) 
38.0 0.0 29.5, 65.5 19.48 1.74 0.6695 7.01 | 6.02), 
22.8 140.0 169.5 55.3 26.35 2.07 0.6630 7.11 
38.0 140.0 169.5 52.0 18.48 1.34 0.6734 7.08 5.97) | 


| 


| 
| | | 
| | | | | | Mean = 0.00464 


sought to show that the electrochemical heats of ionization of 
carbonic acid in simple aqueous solution and in hemoglobin- 
containing solutions are identical. 

A solution of NaHCO; + NaCl of ionic strength 0.170 mM was 
equilibrated at 38° and 20° with known CO, tension. The pax 
was determined electrometrically at the respective temperatures. 

A solution containing hemoglobin of 10 mM concentration of 
approximately the same NaHCO; concentration and total ionic 
strength was similarly treated. The data are given in Tables 
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VI and VII. Technique and calculations were those outlined in 


/ 


the following paper. ~ ig practically the same for the two 


T 
solutions; therefore the calculated heats of ionization in the two 
solutions are in agreement and we conclude that the identity of 
the calculated thermal effects of the reaction H,CO; = H> + 
HCO;- in hemoglobin- and non-hemoglobin-containing solutions 
is further evidence for the reversibility of the reaction in hemo- 
globin solutions. 

Reproducibility and Constancy of the Hydrogen Electrode in O.1 N 
HCl and in 10 mm Hemoglobin Solution.—The fact that platinum 
black in hydrogen gives a highly reproducible electrode 1s com- 
monly accepted. The degree of reproducibility varies greatly 


TABLE VII. 
Aphy’ rie 
Calculated from in Simple Aqueous Solution at 
20° and 30°. 
Constants. Oct. 26, 1926. 
€9 = 0.2477 volt at 20°. 
0.2367 ‘* 38°. 
NaCl = 150 mo per liter. 


NaHCOs | tension. H2COs Pay PRY 

mM per l. | mm.Hg | mM perl. | rolt 

20 | 19.68 | 66.1 | 3.28 | 0.6514! 6.96 | 6.18 

38 | 19.15 | 50.6 | 1.88 | 0.6744| 7.10 | 6.09 |? 


with the method of preparation of the electrode, but using our 
routine technique we have sought to determine the exact limits of 
reproducibility of the hydrogen electrode in 0.1 N HCl and in 
concentrated hemoglobin solutions. The data are given in Tables 
Vill and IX. 

We obtained a series of hydrogen electrodes by replating a 
single platinum electrode with platinum black, using a weakly 
acid 5 per cent platinic chloride solution and about 6 volts for 
15 to 30 seconds. Before plating, the old plating was wiped off, 
and the electrode soaked in cleaning fluid and thoroughly washed. 
The electrodes were not scraped or ignited. The electrode vessels 
were first flushed out with pure hydrogen and filled with the acid 
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TABLE VIII. 
Reproducibility of the Hydrogen Electrode in 0.1 N HCl at 38°. 


Series A. 
Replating No. | Calomel Cell, || Repiating No. Cell 
millivolts millivolts 
1 302.0 12 301.9 
2 302.0 13 302.2 
3 302.9 14 302.2 
4 302.7 15 302.2 
5 302.9 16 302.6 
6 302.3 17 302.0 
7 302.0 18 301.8 
8 303.0 19 300 .7 
301.9 
10 303.1 302.4 
11 303. 1 Average deviation... +0.4 
Series B. 
Calomel Cell M. Calomel Cell M. 
Begins Devia- || Replating Devia- 
Observed. | Mean, | tion from Observed. | Mean. | ton from 
probable probable 
mean. mean. 
millivolts | millivolts millivolts | millivolts 
20 301.0 25 302.9 
301.2 301.1 0.1 302.1 
21 301.5 300.9 
299 .7 300 .6 0.4 300.1 301.5 0.5 
22 301.3 26 302.1 
301.8 301.1 
300.6 301.0 
300.2 300.9 
299.8 301.6 301.3 0.5 
300.3 27 302.3 
300.3 300.6 0.4 300.3 
23 301.2 302.0 
301.2 301.3 
300.8 302.4 301.7 0.3 
301.2 
300.0 301.0 0.3 
301.0 Average deviation., +0.5 
300.8 300 .7 0.3 
24 300 . 4 
300.3 
300.2 
300.1 300.3 0.7 
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TABLE VilI—Concluded. 
Calome!l Cell B. Calomel Cell B. 
Replating Devia- || Replating Devia- 
Observed. | Mean. Observed. | Mean. 
mean. mean. 
millivolts | millivolts millivelts | millivolts 
28 302.5 31 303.9 
302.5 302.5 0.1 303.1 
302.9 301.9 
303.5 301.4 302.6 0.2 
302.3 32 303.1 
302.3 302.0 
301.4 302.1 
302.0 301.6 
302.1 302.7 0.3 302.4 302.0 0.4 
29 302.6 33 303.0 
302.5 301.5 
302.5 302.6 
303.1 302.2 
301.4 303.6 302.6 0.2 
302.8 
302.5 302.5 0.1 
30 302.5 
301.6 302.4 0.3 
301.3 Average deviation.| +0.2 
301.3 301.9 0.5 
Summary. 
Calomel half-cell. No. of platings. No. of refills. Mean E.M.F. 
millivolts 
B 26 53 302.4+0.3 
M 8 36 301.0+0.5 


or hemoglobin solution in the usual way. The readings were 
made at 38° after rocking for 15 to 25 minutes. 


there are 89 E.M.F. readings on thirty-four replatings. 


In 0.1 n HCl 


The 


comparisons are made with the mean of all the determinations (7.e. 


the probable mean value) given in the summary. 


In Series A only 


a single determination on each replating was made (excepting No. 
19 which represents the mean of four refills). 


deviation from the probable mean is 0.4 millivolt. 


The average 


In Series B 


multiple determinations were performed on each replating; 7.e. 
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TABLE IX. 
Reproducibility of Hydrogen Electrode in 10 mm Buffered Reduced 
Hemoglobin at 38°. 


| Replating No. 


| Refill No. 


— 


Time from 
contact of 


electrode 


with Hb. 


| 
Ars. min. 


Mean. 
millivolis 
662.7 
662.0 
662.6 
662.0. 
661.9 
662.1 
661.9 
661.5 
661.8 
661.8 
661.6 
661.4 
661.4 
661.6 
661.2 
661.2 
661.1 
661.7 + 0.3 
660.4 
660.5 
660.1 
660.3 
661.1 
661.7 
661.8 
661.6 
661.6 
661.7 
661.1 
661.8 
661.8 
~ | 661.8 
662.0 
661.9 
661.4 
661.8 
661.4 + 0.2 


| Replating No. 


| Refill No. 


— 


Time from 
contact of 


electrode 


with Hb. 


Ars. 


24 


24 


min. 


15 
20 
27 
32 


E.M.F. 


moilli- 
volts 


661.1 
661.6 
661.5 
661.3 


BSS 
pon 


m 
Ww 


Mean. 


_ 


millivolts 


661.4 


662.1 


661.0 


661.3 


661.5 + 0.1 


661.0 


661.5 


662.0 


662.3 
661.7 + 0.5 


| 
| | | 
| 2) 1)| 5 662.1 
| | 11 |662.0) 
| | | | 
| | 3| 12 [661.2 
| 34 = | 18 661.0 
| =| 39 | 22 (660.9) 
| =| 50 | | 4) 35 661.2 
| 42 |661.4 
| 4 
3| 54 | | 50 
| 59 
1) | 35 
| 21 | | 
| | | | 27 | | 
| | | | | 
| 80 | | 
| | i 1/10] 
| 2 50 | 
56 0 
1} 4) | 
1] 11 | 3/24) = 
| | 24 | 10 
| 38) | 24 | 20 |66 
| 49 | | | 4| 24] 40 | 
| 54 | 50 
| | | 60 r 
3 | | 
4| 10 | | ae 
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TABLE Ix—Concluded. 


Summary. 
Replating No. No. of refills. No. of determinations. Mean E.M.F. 
millivolts 
1 4 15 661.7 
2 4 14 661.4 
3 4 13 661.5 
4 4 13 661.1 
Mean...... 661.6 + 0.2 


the electrode vessel was washed out with water, then 0.1. N acid, 
and then filled afresh with acid and hydrogen. The average 
deviation of all the determinations from the mean is 0.5 and 0.2 
millivolt respectively for the two calomel cells, while the average 
deviation of the mean of the determinations on one plating from 
the mean of all the measurements is 0.3 millivolt for both calomel 
electrodes. Series B, performed routinely for the determination of 
é, shows greater variation in the individual determinations than 
Series A in which particular care was taken. 36 per cent of single 
determinations in Series B, but only 16 per cent in Series A, differ 
by more than 0.6 millivolt from the probable mean. ‘The points 
clearly established by these experiments are: (1) Our degree of 
reproducibility of the hydrogen electrode is about 0.6 millivolt 
(.e., about 0.01 paz). Only five out of thirty-four replatings 
gave E.M.F. (7.e. mean of one to seven refills) differing by more 
than 0.6 millivolt from the probable value as established by the 
mean of all the determinations. (2) Unless meticulous care 
(e.g. Series A) is taken one-third of single determinations may be 
more than 0.6 millivolt from the probable mean. In our routine 
procedure we have found that at least four determinations must 
be made to obtain a value within 0.5 millivolt of the mean value 
of a large series. For both reasons it is futile as well as unneces- 
sary to determine é for each electrode plating; a single determina- 
tion might be in considerable error and multiple ones would be 
too laborious. In practice the time saved by accepting the 
reproducibility of the hydrogen electrode is quite appreciable. 
The saturated calomel cell possesses great constancy. Biweekly 
determinations of e) over a period of 2 years show an average 
variation from the mean of less than + 0.3 millivolt in our cells 
maintained at 38°. 
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Our experiments with reduced hemoglobin solution were de- 
signed to test the degree of reproducibility of the hydrogen 
electrode in a concentrated hemoglobin solution and to determine 
whether replating between determinations was necessary. A stock 
10 mm hemoglobin solution was buffered by the addition of phos- 
phates to m/15 and kept at 0°. Such a heavily buffered solution 
would exclude changes of the pay; of the hemoglobin solution itself 
so that changes in the E.M.F. would be due to variations in the 
electrode. Samples were equilibrated with He at 38° and the 
E.M.F. read in the usual way. There are four replatings each with 
four complete refills with Hb solution and hydrogen. Compari- 
sons are made with the mean (661.6 millivolts) of all the readings. 
The data given in Table IX clearly show (1) that the hydrogen 
electrode in hemoglobin solutions is reproducible to within 0.2 
millivolt, and (2) that replating after each determination is 
unnecessary as indicated by average deviation of only 0.4 milli- 
volt of the means of the determinations on each plating from the 
mean of all the determinations. Further, (3) the constancy of 
the electrode is shown by the constancy of E.M.F. even after 24 
hour contact (while rocking) with the hemoglobin solution. In 
practice if careful inspection of the electrode reveals no protein 
precipitation, we have used it for two or three determinations. 

Absence of Side Reactions in BHCO3-H2CO3-Hb Systems.—In 
E.M.F. measurements the assumption that the cell reaction we 
think we are measuring and no other is the source of the E.M.F. 
is of major importance. In other words, we assume that no side 
reactions occur of sufficient magnitude to vitiate the result. 
The half reaction we are interested in is 


The absence of side reactions can only be shown by the accumu- 
lated experience of many observers. For BHCO;-H:CQ; systems 
the evidence at hand may be summarized as follows: (1) Identical 
results by different observers using different reference electrodes. 
Warburg (1922), Hastings and Sendroy (1925), and Stadie and 
Hawes (Paper IV), are in excellent agreement on the pK)’ of 
carbonic acid in aqueous solution. Under this head we may also 
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mention the work of Lepper and Martin (1926) who have shown 
the identity of electrometric and colorimetric pay of NaHCO;- 
HCO; systems in which phosphate standards of the same ionic 
strength as the NaHCO; solution were used to measure colori- 
metric pay. This alone is strong indication that the objection 
of Evans (1926) to the use of the hydrogen electrode in bicarbo- 
nate systems is without foundation. (2) Absence of marked 
fluctuations or drifting. These effects are the result of irre- 
versible or spontaneous reactions giving a variable E.M.F. We 
need only discuss systems containing hemoglobin, since the pre- 
vious paragraph is sufficient indication of the absence of these 
effects in aqueous solution. As an indication of the rarity of 
significant E.M.F. fluctuations in hemoglobin-containing solutions, 
we need only mention our criteria for a valid E.M.F. measurement; 
viz., an E.M.F. maintained constant (7.e. + 1 millivolt) for 30 to 45 
minutes and identical (+ 1 millivolt) values in duplicates. Prac- 
tically 80 per cent of the determinations reported in the ac- 
companying papers would meet these (for Hb solutions) rigid 
requirements. The remaining 20 per cent, mostly early determi- 
nations, falls somewhat outside of this but is included since we 
believe it to be without significant error. Moreover, using hemo- 
globins made by different methods and over a time period of more 
than a year, we have repeatedly obtained identical results (for the 
same thermodynamic environment) for the value of pK,’ of 
carbonic acid. 

Hydration of Hydrogen Ion in Hemoglobin Solutions.—There is 
sufficient evidence to show that a considerable fraction of the 
hydrogen ions in aqueous solutions is hydrated and exists as an 
ion having the composition H;0+. The relation of this fact to 
pa;; determinations in concentrated hemoglobin solution is made 
clear by the following considerations. The equilibrium between 
the hydrogen electrode and the solution is one between unhydrated 
ions since hydrated ions do not exist in the electrode; 7.e., the 
hydrogen electrode measures the activity of unhydrated ions. 
From Equation 1 when ay+ = 1 and Py, = 1 atmosphere we get 
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where Fy is the E.m.F. of the normal hydrogen electrode. The 
equilibrium between hydrated ions, unhydrated ions, and water 
is given by 


/ 


We adopt the convention for hydrates and letk = 1. As before, 
since in the normal hydrogen electrode 


, , 
an+ = 1, = 1, and = 1 


= Pay — log (19) 


Whether to use Equation 17 or 19, z.e. whether to calculate pag 
or payj,0+, depends upon the nature of the chemical process under 
investigation. In most equilibria studies, the reaction is one 
involving H+ and not H;0+. Inthe present problem, for example, 
the reaction under consideration is Ht + HCO;-. Therefore 
pa;; should be calculated. In many kinetic problems, however, 
H;0+ is the reacting ion and proper comparisons from solution 
to solution require the calculation of pay,o+ by Equation 19. In 
the next paper, however, we will show how for a quite different 
reason the activity of water, which in our most concentrated 
Hb-salt solutions is diminished to 0.98, enters into the calculation 
of the activity coefficient of the bicarbonate ion. 


SUMMARY AND CONCLUSIONS. 


1. The assumptions necessary to calculate the pay in BHCO; 
CO.-H:CO3-BCl-Hb systems from E.M.F. measurements with the 
hydrogen electrode are discussed. 

2. The absolute pay measured electrometrically is in error by 
an indeterminate amount due to faulty assumptions concerning 
the a,+ of the reference solution and the liquid junction potentials 
0.1 N HCl, saturated KCl, and 


BHCO; 
BCl Saturated KCl 
Hb 


Approximate evaluations of this error are made. 
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3. The liquid junction potential between solutions of BHCQO;- 
CO.-H.CO3-BCI-Hb of widely varying concentrations and sat- 
urated IKXCl is probably negligible as indicated by the Bjerrum 
extrapolation. The error in relative pay, determinations in such 
solutions is probably < 0.016 pay units. 

4. The hydrogen electrode is a reversible source of E.M.F. in 
BHCO;-CO.-H2CO;-BCI-Hb systems as shown by its adherence 


RT 
to the relation E.M.F. « NF In Py, over a wide range of hydrogen 


pressure. CO in high concentration does not alter this re- 
versibility. 

5. The free energies of the ionization of H2CO; calculated from 
EM.F. and conductivity measurements are in good agreement at 
38° but not identical at all temperatures. 

6. The heats of ionization of HeCO; calculated from thermal 
and conductivity data (which agree) and from E.M.F. data differ 
by 20 per cent from each other, but when measured by E.M.F. alone 
are identical in simple aqueous solution and 10 mm hemoglobin 
solution. 

7. Appreciable side reactions giving rise to irreversible E.M.F. 
are absent in BHCO3-CO.-H2CO;-BCI-Hb systems. 

8. The hydrogen electrode is reproducible (+ 0.5 millivolt) in 
0.1 HCl and in 10 mm hemoglobin solution. 

9. There is sufficient evidence at hand to establish the reversi- 
bility of the cell reaction in E.M.F. measurements of ayy+ in BHCO;- 
systems. 

10. The relation of hydrated and unhydrated hydrogen ions in 
hemoglobin solutions is discussed. 
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INTRODUCTION, 


The importance of the apparent first dissociation constant pK’ 
of carbonic acid, particularly in the acid-base equilibrium of the 
blood, has prompted extensive work on its evaluation both in pure 
aqueous and protein-containing solutions. The proteins most 
frequently used were those of blood serum or plasma, and, except 
for some isolated observations by Hasselbalch (1916) on dialyzed 
hemoglobin and by Warburg (1922) and Van Slyke, Hastings, 
Murray, and Sendroy (1925) on hemolyzed red blood cells and on 
one solution of hemoglobin, no systematic study of plx;’ in hemo- 
globin-containing solutions has been reported. In this paper we 
report the results of a study of the influence on pKy’;1,co,) and the 
activity coefficient, yico,-, of the bicarbonate ion of varying con- 
centrations of hemoglobin and its derivations, v7z. reduced hemo- 
globin, carbon monoxide hemoglobin, methemoglobin, nitric 
oxide hemoglobin, and cyanhemoglobin, in solutions whose salt 
content was varied by the addition of NaCl. 

Activity Coefficient of the Bicarbonate Ion and the Debye-Hiickel 
Theory.—The concept of activity was first applied to BHCO; 
H.CO; systems by Warburg (1922) and subsequently by Hastings 
and Sendroy (1925). Warburg emphasized the importance 
of calculating the hydrogen ion concentration in activity units 
subsequently denoted (exponentially) pay by Sgrensen and 
Linderstr¢m-Lang (1924), and he further showed that the activity 
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coefficient, YHco,-, of the bicarbonate ion and therefore plX;’ varied 
with changing salt concentration. Warburg found the relation 
log Yuco,, = — k V¢ developed by Bjerrum and Gjaldbaek (1919) 
where c is total (monovalent) salt concentration and / is a constant 
( = 0.46) to hold quite exactly for aqueous solution up to c = 0.4 M. 

The study of the variation of the activity coefficient of an ion 
in the presence of a mixture of electrolytes in water and other 
solvents received considerable impetus by the work of Debye and 
Hiickel (1923) who derived theoretically an expression relating the 
activity coefficient of any given ion to its valence and the proper- 
ties of the solvent. The Debye-Hiickel theory will be discussed 
in detail in the following paper. We need here give only the 
limiting equation for uni-univalent salts where 


log = — 0.53 VT 


r = ionic strength in mols per liter = } = 2? [e;]. 
(z; = valence of the ion.) 


which in general holds only up to about IT = 0.010 m. Hastings 
and Sendroy (1925), however, calculated log yi:¢0,- from deter- 
minations of plXy’(4,co,) at varying NaHCO; and NaCl concen- 
trations and found that the limiting law was followed not only 
in dilute solutions, but contrary to the general experience with the 
mean ion activity coefficient of other salts the law held to concen- 
trations as high as 0.18 mM. They recalculated Warburg’s results 
which were in excellent agreement with their own. The com- 
bined data gave log yyco,- = — 0.53 °>/1P. It will be noted that 
0.53 is the theoretical value for water at 38°. 

Apparent First Dissociation Constant of Carbonic Acid and the 
Activity Coefficients of the Bicarbonate Ion.—Let 


a, aj = activity of amolecule or ion. 


(HCO;~)= stoichiometrical concentration of HCO, ion in mm per 
kilo of H,O. 
YHCO;, = 
(HCO,;7)’ 
I = ionie strength = 3 Sz? [e;]; 7.e., half the sum of the con- 
centration of each icn in the solution times its valence 
squared. 2; is the valence and [c;| the concentration of 
the ion in mols per liter. (In the tables [is given in mM 
per liter.) 


activity coefficient of HCO, ion. 
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In an aqueous solution in equilibrium with a gas phase contain- 
ing CO, at a partial pressure ?¢o,, we have the molecular or ionie 
species H+, HCO;-, and a series of hydrates. Of the possible 
hydrates, CO., CO,.-2H2O. ...COs-nH2O in solution, we will 
consider the first only, z.e. H»CO;. The reaction of it with H+ 
and HCQ;- is HeCO; @ H*+ + HCO;- from which the equilibrium 
constant is 


(HCO,) 


= K® (1) 


1 


Let 


(H.CO;) 


(CO: nH.O) 


be the stoichiometrical fraction of total physically dissolved CO; 
in all forms existing as HeCO;. No restriction is placed on the 
value of h. Then if (a@o,) 1s the stoichiometrical solubility coef- 
ficient of CO, in the given solution in mM per kilo of H2O 


= “co,) Peco, (2) 


To evaluate aj,co, we have the equilibrium, CO, (gas) + H,0 = 
H.CO3, whose equilibrium constant is given by | 


217 


2 k 
417.0 * CO, 
From which we get in the case of the given solution 


h 


whereas in water, since h = ho, yi1,co, = 1, (e*) = a°, and ayo = |; 
we have ho ato, = k. These two equations give 
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In dilute solutions with little error ay,9 is constant and = 1 (see 
below). Then from Equation 2, ay,co, = ho ato,Pco., so that 
Equation 1 becomes 


(HCO) 


0 1 
ho co, Poo, 


which is the true first dissociation constant of H:CO;. In this 
equation ho, a®, and Kj are constants but h, (a°), and yy,co, are 
variables. 

It is clear then that while thermodynamic methods can evaluate 


7, VH:COs (merely by means of solubility measurements) they can 
0 


never measure h, ho, or Yy.co, Separately or in any pair. To de- 
termine h and ho use must be made of other methods; e.g., the 
kinetic methods of Faurholt (1924-25). h must be known at 
varying salt concentration in order empirically to extrapolate to 
pure water to obtain ho. These data are not at hand, but Faur- 
holt (1924-25) found h in a moderately concentrated salt solution 
to be about 0.0015. Using the hydrate convention, since ho is a 
constant (at constant 7’), we can let hyo = 1 without extrathermo- 
dynamic assumption. Then 


11+ (HCO;) 
= 1 


0 
Poo, 


where K, is the apparent first dissociation constant of H»CQOs3. 
It is customary to equate the stoichiometrical concentrations of 
the preceding equation to quotients of constants and activity 
coefficients. Thus the equation gives 


Ky 
“co, * CO, YHCOS 


It is important to emphasize that K, is a thermodynamic equilib- 
rum constant whereas Ky’ is a variable. 

Calculation of the Bicarbonate Ion Activity Coefficients yo and y*.— 
Yuco, Measures the total effect of the environment upon the bi- 
carbonate ion and indicates to what extent the ion has departed 


a 
¢ : 
Po 
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from ideal behavior in the solution. It is easy to show thermo- 
dynamically that yyco,- may be split into as many activity coeff- 
cients as there are factors causing this departure from the ideal 
state. In our hemoglobin solutions, we will consider two factors 
only to be of significance: (1) the interionic effect of salt denoted 
by yo; (2) the interaction of hemoglobin denoted by yx. 

By definition 


1 when concentration of electrolytes = 0. 
“ hemoglobin = 0. 


Yo 
Yx 


Also 
YHCO; = 70 Ve 


The extrapolated value of pk,’ at constant finite hemoglobin con- 


K 
centrations and = 0 we call By Equation 2 = Ky’, 
* YO 


and since yp = 1 and K,’ = Ks when T = 0, we get ” = Kx, or 
* 


log 7% = pK, — pK (4) 


vx being known, yo may be calculated at finite values of I’ and 
the same concentration of hemoglobin by the equation 


log yo = log log (5) 


We have split yj;co,- into two activity coefficients which may thus 
be readily calculated from our data. In the subsequent paper we 
will show that yx and yo may be calculated by the Debye-Hiickel 
theory and that our data are in harmony with, though not neces- 
sarily a proof of the validity of the theory in our solutions. 

Assumptions Necessary to Evaluate yyco,-.-—Up to this point no 
extra thermodynamic assumptions have been made. To deter- 
mine ay+, (HCOs-), and the apparent first dissociation 
constant of carbonic acid, several assumptions must be made 
which should be clearly appreciated. 

Determinations.—The assumptions made in measuring 
have been discussed in the preceding paper and we will assume 
that the a;;+ determinations in our systems are valid. 
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Determination of (HCO3~).—To measure (HCO;~) we must make 
two assumptions of distinctly different characters. The con- 
ceivable combinations of CO, in our hemoglobin solutions are 
(stoichiometrically in mols per kilo of H.O): 


(Total = (BHCO;) + (CO2)aq. + (CO2, nH:0) + (Xupco:) (6) 
(BHCO;) = any bicarbonate. B= Naor Hb. 
(COz)aq. = in solution. 

nH,O) = hydrates of COz, n = 1,2, .... 


(XHbpco,) = any undetermined CO, combination with Hb not bicar- 
bonate. 


Although there is no conclusive evidence we will assume 
(Xupco,) = 0. The solubility coefficient (a¢o,) of CO: in our 
solutions gives 


(2o,) P Co, = (CO:) aq. = (CO,, nH,0O) 


We then may calculate (BHCOs;) by Equation 6 and in conformity 
with the present concept of strong electrolytes we assume the 
bicarbonate in whatever form to be completely ionized. Two 
forms may exist, v7z. NaHCO; and HbHCO;3. The assumption 
applies to both forms and subsequently we will present some 
experimental evidence bearing on it. Hence (HCO;-) = (BHCQ,). 
Equation 3 then becomes in log form 


BHCO 
= pag log 
“co, * Co, 
and from Equation 3 = Kj’ or 
YHCOs- 
pk, = + log (8) 


Calculation of pK, at T = O by Extrapolation.—In pure water 
we adopt the convention that yyco,- = 1 when IT = O; hence 
Equation 8 enables us to calculate yyqco,- at finite values of I’ if we 
know pK; atl = 0. It is necessary to employ graphical methods 
in such an extrapolation by plotting experimental pK)’ against 
some arbitrary function of the concentration. Usually such an 
extrapolation is accomplished with considerable difficulty and with 
the possibility of error. Fortunately in the case of NaHCO;- 
NaCl systems in water this task appears to be easy. The data of 
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Warburg, Hastings and Sendroy, and ourselves show that the 
plot of pK,’ against ~/T' gives an exactly linear relation between 
the concentrations ' = 0.010 mM and 0.3 m. Although the region 
I’ = 0 to 0.010 o is not necessarily ideal, the fact that the slope 8 
of the pK,’ — 7/T line is the theoretical slope 8 of the limiting law 
of Debye and Hiickel, gives considerable certainty to the extra- 
polation through this region. 

In our Hb, NaHCOs;, NaCl solutions, as we shall show, straight 
line relations are also found between pK,’ and ~/T from I = 0.020 
to 0.5 m or higher. On experimental grounds then and for the 
theoretical reasons developed in the next paper we have equal 
assurance of the validity of the extrapolation from 0.020 to 0. 

Activity of Water in Concentrated Hemoglobin Solutions.—The 
activity of the water, which in the development of Equation 3 = 1, 
may be determined from a knowledge of the vapor pressure or the 
freezing point depression A of the solution. We may use the 
equation (Lewis and Randall, 1923, p. 284) 


log ayy = — 0.0042 4 (9) 


as a sufficient approximation. We have measured A on the most 
concentrated solutions used and found it to be about 1.5°. Thus 
the minimum value of ay,o = 0.983; 7.e., practically constant 
and = 1. 

Variations of pK, of Carbonic Acid in Aqueous Solutions of 
Varying Concentrations of Reduced Hemoglobin, Carbon Monozide 
Hemoglobin, Methemoglobin, Nitric Oxide Hemoglobin, and Cyan- 
hemoglobin at Varying Ionic Strengths.—In general our procedure 
has been to equilibrate in glass saturators at 38° solutions of known 
concentrations of hemoglobin or its derivatives, known total 
available base, NaHCO; and NaCl, with known gas phases; to 
determine the pay electrometrically and to calculate 
pKx, log yuco,-; log yx, and log yo by means of Equations 4, 5, 7, 
and 8. The results are summarized in graph form (Figs. 1 to 
13), the complete data being given in Tables 1 to 13. The tech- 
nique and the method of calculation employed are as follows: 


Experimental Methods. 


Preparation of Hemoglobin Derivatives.—Fresh, washed horse red blood 
cells were electrodialyzed for the preparation of crystalline hemoglobip 
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according to the method of Stadie and Ross (1926). Crystalline carbon 
monoxide hemoglobin, methemoglobin, cyanhemoglobin, and nitric oxide 
hemoglobin were prepared by a modification of this method, the details 
of which will appear in a subsequent paper. 

The crystals were dissolved in the requisite amount of alkali to make a 
concentrated solution (15 to 20 mm) which was then analyzed for total 
available base by the Stadie and Ross (1925) method and for total pigment 
by the Stadie (1920) method. Where necessary the oxygen capacity was 
determined by the Van Slyke and Neill (1924) manometric method. The 
solution was diluted as required and NaCl was added by weight to a known 
volume to obtain solutions of given ionic strengths. 

Saturation.—The saturators were of the form described by Austin et al. 
(1922). They were exhausted and filled with hydrogen four or five times on 
a gas manifold to displace the air, and the solution was then run in together 
with the approximate amount of CO: necessary to give the pressure desired. 
Hydrogen was used as the indifferent gas. The saturation of 30 to 45 min- 
utes duration was usually repeated three times, to approximate more closely 
the desired conditions. When carbon monoxide hemoglobin was used, a 
small (10 to 20 mm.) pressure of carbon monoxide gas was used in the suc- 
cessive saturations. The temperature of the water bath used was 38° + 
0.1°. 

Measurement of Gas Phase.—The saturator was clamped to a stand with 
upper stop-cock out of water. A small mercury manometer was attached, 
the stop-cock momentarily opened, and the pressure, which was always in 
slight excess of atmospheric pressure, measured. After separation of the 
solution phase, analysis of the gas phase by the Haldane gas analyzer gave 
the percentage of CO... The calculation (barometer + excess pressure — 
aqueous tension) times per cent CO: gives the partial pressure of COs. 

Solution Phase.—This was separated at 38° out of contact with air by con- 
necting the lower stop-cock of the saturator to a mercury receiver in the 
water bath and drawing the solution into the receiver by slight negative 
pressure. 1 cc. sample was then analyzed for total CO, by the Van Slyke 
and Neill (1924) manometric method. 

Electrometric payy Measurement.—The electrode vessel used was of the 
Clark-Cullen type, equipped with thermometer and of 2.5 cc. capacity. 
It was washed out with 500 ec. of a CO.-H2 mixture made up to give the CO, 
pressure at 38° found in the final saturation. The sblution was then run 
directly into the electrode from the mercury receiver, leaving a gas bubble 
about 0.1 to 0.2 ec. in volume. The electrode was quickly warmed up to 
38° over a Bunsen flame and then rocked in an air bath at 38° + 0.1°. Du- 
plicates were made in all cases. The reference half-cell was a saturated 
calomel cell maintained at 38° and standardized against 0.1 N HCl to which 
an activity value of 1.08 was assigned. eo of this half-cell was calculated 
by the formula 


€ = E.M.F. — 1.08 X 0.0617 (10) 
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From the E.M.F. of the cell 


| KCl Saturated KCl | Unknown 
He | HgCl | bridge | solution wad 
the pay of the unknown was calculated by the equation 
E.M.F. — 
pay = (11) 


0.0617 


All potentials were corrected to 760 mm. of dry hydrogen by the equation 


760 
Ey, = 0.03089 log Py. volts 


The potentiometer was a Leeds and Northrup type Kx used with a Leeds and 
Northrup galvanometer of the d’Arsonval type. A Marion Eppley un- 
saturated Weston cadmium cell standardized by the United States Bureau 
of Standards was used. 

The connecting salt bridge was a saturated KCl solution in 2 per cent 
agar. This served excellently to prevent mechanical mixing of KC! solu- 
tion with the unknown. 

Calculations.—The molecular concentration of the hemoglobin or its 
derivatives was calculated from the total hemoglobin by assuming | mole- 
cule of oxygen equivalent to 1 molecule of hemoglobin. The concentration 
of H.CO,; in water at 38° was taken as 0.0326 X Pco, mM per liter. In salt 
solution it was assumed to be depressed linearly 20 per cent per mol! of I 
(Hastings and Sendroy, 1925). In hemoglobin solution its solubility was 
assumed to be proportional to the water present (Van Slyke, Hastings, 
Murray, and Sendroy, 1925) so that 


[H.CO;] = 0.0326 Poo, ((W] — 0.2 Pr) (12) 


A large number of dry weight determinations on crystallized hemoglobin 
solutions of varying concentration gave a straight line relation between 
total solids and concentration, whose equation was 


Weight per cent Hb = 1.6 mm Hb per liter 


which was used to calculate kilos of H.O per liter. 
= kilos H.O per liter = D* — 0.016 [Hb] — 0.000059 [NaC] }. 
[NaCl] = NaCl mo per liter. 
[(CO,] = total CO. mm per liter. 
[H.CO;| = dissolved CO, mo per liter (I:quation 12). 
[NaHCO;] = [total CO.|] — [H2CO;] mmo per liter. 


* D = density assumed 1 throughout. This assumption makes phx,’ too 
small by 0.03 and 0.015 when Hb is 20 and 10 mo per liter respectively, 4 
sufficient approximation. 
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[NaHCOs] 
[W] 

(NaHb] = [available base] — {[NaHCO;] mo per liter. 

pK,’ was calculated by Equation 7. The ionic strength T = } = 
was calculated per liter of solution by assuming a valence of 1 for the hypo- 
thetical hemoglobin ion of sodium hemoglobinate, so that 

r = {[NaHb] + [NaHCO;] + [NaCl] 
= [available base] + [NaCl] 
In the figures [ is in mols per liter. 


= mM per kilo 


(NaHCO;] = 


TABLE I (Fig. 1). 
pKy'(H.C0;) tn Aqueous Solution of NaHCO;-H2CO;-NaCl at Varying 
Tonic Strength. 


Constants. Nov. 16, 1925. 
= 38° 
€o = 0.2366 volt. 


NaHCO; | NaCl | cor | Pay 

mM per mae perl. mma per l, mm.Hq mae perl. volt 
30.00 0 30.0 53.3 1.73 0.6970 7.46 
30.00 27.6 57.6 43.5 1.41 0.7016 7.54 
30.00 66.0 96.0 32.0 1.02 0.7062 7.61 
10.52 120.0 150.0 31.4 0.99 0.7054 7.60 
10.52 0 10.5 95.5 3.11 0.6552 6.79 
10.52 0 10.5 94.3 3.07 0.6573 6.82 
19.41 0 19.4 69.7 2.26 0.6797 7.18 
19.12 150.0 169.1 59.6 1.91 0.6744 7.10 


DISCUSSION AND RESULTS. 


tr Aqueous Solution.—Fig. 1 (Table I) shows the 
plot of pl,’ against .I in aqueous solutions of 10, 20, and 30 mm 
of NaHCO; with NaCl added up to a concentration of fr = 170mm. 
The equation for the best line through the points is 


pki = 6.330 — 0.54 Vr (13) 


Which is in excellent agreement with the data of Warburg and 
Hastings and Sendroy. Therefore we may write by Equation 8 
since pK, = 6.330 


— log ¥ye07 = 054 VE (14) 
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6.2 "MN: 


= 
rT = 
Fic. 1. plx;'(4.co0;) in aqueous solution of NaHCO;-H.CO;-NaCl at 
varying lonic strength, 
= 
HbC = 
(Hec0s) O 5mM perl. 


— = 
| 
62 


6.0 


0.1 0.2 0.3 0.4 0.5 
Vr 
Fic. 2. pky’(u.co,) in 5 mm carbon monoxide hemoglobin solution 4 
varying ionic strength. 
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in Solutions of HbCO at Varying Ionic Strength.— 
There are three series of determinations on carbon monoxide 
hemoglobin solutions in which the HbCO concentration is ap- 


HbCO: 5 mM par 
> 6.17 
B = 0.34 


6.0 


59 


om) 0.2 05 0.4 


Fig. 4. plXi’(H.co;) in 15 mm carbon monoxide hemoglobin solution at 
varying ionic strength. 


65 
pKal(H2COs) | Red = 5™M perl. 
B = 042 


6.l 


0.2 0.5 0.4 
Vr 


Fic. 5. plXi’(4,.co;) in 5 mm reduced hemoglobin solution at varying 
ionic strength. 


6. 


proximately 5, 10, and 15 mM respectively (Tables II to IV, Figs. 2 
to 4). The available base varies from 22 to 60 mm, added NaCl 
from 0 to 700 mM, with a variation in ionic strength from 22 to 
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R aduced hemoglobin =10mM perl. 
pKy\(H2 COs) phy, 26.1; 
o3sk 
6.1 


6.0 


5.4 


0.! 0.2 03 0.4 


Fic. 6. pK.’(H,Co;) in 10 mm reduced hemoglobin solution at varying 
ionic strength. . 


Ki(Hs COs) 


6.2 


Reduced hemoglobin = ISmMperl. 
pk x = 6.06 
6.1 


0.1 0.2 0.3 0.4 0.5 


Fic. 7. plX;’(H,co;) in 13 mm reduced hemoglobin solution at varying 
lonic strength. 


744m. When the pK,’ values are plotted against ~/T (Figs. 2, 3, 
and 4) linear relations are apparently seen best in the twenty-one 
point experiment at HbCO = 10mm but are obvious at the other 
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concentrations. 
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We may conclude that the relation of pk)’ and 


ionic strength in HbCO-containing solutions has the same form as 
in simple aqueous solution; 7.e., the limiting law of Debye and 


Hiickel which for our present purpose is written 


pK’ = pK, —8 Vr 


TABLE II (F7g. 2). 


(14,a) 


pPK1'(H2Cco;) tn 5 mm Carbon Monoxide Hemoglobin Solution at Varying 


Ionic Strength. 


Constants. 
t = 38° 
€o = 0.2366 volt. 
Date. Total | “Sie | waci| | tent | HsCOs (NaHCO) 
base. sion rected 
May 14 5.94 |} 29.1 0 29.1) 42.5 | 1.24 | 15.38 | 0.6870) 7.30 
we 5.94 | 29.1 0 29.1; 42.2 | 1.23 | 15.49 | 0.6864) 7.29 
5.94 | 29.1 80 | 109.0) 41.7 | 1.19 | 15.42 | 0.6821) 7.22 
5.94 | 29.1170 | 199.0) 39.8 | 1.12 | 15.90 | 0.6802) 7.19 
“ @ 4.49 | 22.5 0 22.5) 30.9 | 0.927) 10.21 | 0.6858} 7.28 
4.49 | 22.5 0 22.5) 32.7 | 0.981) 10.94 | 0.6830 | 7.24 
- ae 4.49 | 22.5 0 22.5 32.2 | 0.966) 10.43 | 0.6829) 7.24 
. 4.49 22.5) 85 | 108.0 31.9 | 0.937) 10.57 | 0.6803) 7.19 
“ @ 4.49 | 22.5 | 185 | 208.0 32.2 | 0.927) 11.07 | 0.6776! 7.15 
June 7 5.78 | 47.0 0 47.0, 18.1 | 0.528) 28.03 | 0.7259 | 7.9 
nee 5.78 | 47.0 0 47.0 23.9 0.698 28.92 | 0.7165) 7.78 
ro ee 5.78 | 47.0 0 47.0, 52.5 | 1.53 | 31.39 | 0.7030) 7.56 
oe 5.92 | 45.2 0 45.2) 42.7 | 1.25 | 30.32 | 0.7038) 7.57 
oe 5.92 | 45.2 0 45.2, 43.2 | 1.26 | 30.47 | 0.7029) 7.56 


The values of pKsx may be obtained by extrapolation to T = 0, 
log yx calculated by Equation 4, and the 6 values calculated from 


We have 
HbCO per liter. 
mM 


5 pk,’ = 6.29 — 0.52 vr 


the slopes. 


log yx = — 0.04 

10 pk,’ = 6.22 — 0.42 vr 
log yx = — 0.11 

15 pK,’ = 6.17 — 


— 0.16 


log y* = 


8 


| 
= 
) q 
) 


Constants. 
t = 38° 
= 0.2366 volt. 
base. sion rected. 
Dec. 16 | 10.92| 34.0! 0 | 34.0\ 37.5 0.99 9.51 | 0.6740 
“ 16 | 10.92} 34.0) 0 | 34.0 50.9! 1.34) 11.06 0.6692 
“ 16 | 10.92} 34.0/ 150 | 184.0 43.5 | 1.11 | 11.34 | 0.6695 
“ 91 | 10.20) 33.8 | 236 | 269.0 47.3 1.20 16.25 | 0.6775 
“ 99 | 10.20) 33.8 150 | 184.0 55.0 1.42 17.39 | 0.6749 
92 | 10.20) 33.8/ 100 | 134.0 49.7. 1.30 16.40 | 0.6777 
99 | 10.16! 33.4] 0 | 33.4! 49.2 | 1.32 | 17.29 |0.6833 
99 | 10.16| 33.4| 50 | 88.4) 50.7 | 1.34 | 17.75 |0.6812 
29 10.16) 33.4/ 105 | 138.4 49.2 1.29 18.21 0.6814 
“ 31 12.20) 50.9 | 147 | 198.0 60.2 | 1.51 | 17.71 | 0.6732 
“ 31 | 10.65 44.4 | 200 | 244.0 56.4 | 1.42 | 16.29 | 0.6713 
“ 31 10.65 | 44.4 300 | 344.0 49.3 1.21 16.18 0.6739 
“ 31 10.65! 44.4} 500 | 544.0 48.9 1.14 16.72 | 0.6732 
“ 31 | 10.65 44.4/ 700 | 744.0 47.5 1.04 | 16.96 |0.6715 
1926 
Apr. 30 | 9.62) 51.8) O | 51.8 64.3 1.74 26.91 | 0.6862 
30 9.62 51.8 35 | 87.0 58.5 | 1.58 26.32 0.6888 
“ 30 9.62 51.8) 90 | 142.0 47.9 1.27 | 25.00 0.6913 
30 | 9.62) 51.8 | 165 | 217.0 48.4 | 1.26 | 25.14 | 0.6892 
June 7 10.84 | 52.9 52.9 23.3 0.615 21.83 | 0.7123 
“ 8 | 10.84) 52.9) 0 | 52.9 54.5 | 1.44 | 28.91 | 0.6950 
“10 | 11.09 49.7, 0 | 49.7 41.2 | 1.08 24.88 0.6976 


TABLE III (Fig. 3). 


Ionic Strength. 


10 mst Carbon Monoxide Hemoglobin Solution at Varying 


Pay 


TABLE IV (Fig. 4). 


PRy'(H2CO;) in 15 mu Carbon Monoxide Hemoglobin Solution at Varying 
Ionic Strength. 


Constants. 


t 


€o = 0.2366 volt. 


= 38° 


CO: 


| H2COs 


E.M.F. 


Date able NaCl Tr ten- NaHCO; cor- 

base. sion. rected. 
May 10 | 15.78 60.5 | | 65.8 | 1.55 24.19 | 0.6864 
“10 | 15.78 60.5 | 60 | 121.0 64.5 | 1.50 | 24.19 0.6850 
“10 | 15.78 | 60.5 | 150 211.0 58.4 | 1.32 | 24.04 0.6855 
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7.29 
| 7.32 
| 7.37 
7.71 
| 
Pay 
| 7.29 
17.26 
: | 7.28 
|| 
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pK,’ in Solutions of RHb at Varying Ionic Strength.—The data 
(see Tables V, VI, and VII and Figs. 5, 6, and 7) are of a similar 


TABLE V (Fig. 4). 
PK1'(H.co;) in 5 mu Reduced Hemoglobin Solution at Varying Ionic Strength, 


Constants. 
i = 38° 
€éo = 0.2366 volt. 
| | CO: B.M.F. 
Date. Hb. able NaCl r ten- | HxCOs NaHCOs cor- | Pag 
base. sion. rected. 
1926 prt. | port. | pt. | perk | Be | port. | prt | 
May 14 | 5.72 | 29.8 0.0 | 29.8 40.3 | 1.18 | 17.33 | 0.6866) 7.29 
“ 14 | 4.96 | 25.8 | 69.3} 95.0 46.1 | 1.35 | 16.72 | 0.6789) 7.17 
“ 14 13.7 29.8 (170.0 | 200.0, 43.9 | 1.23 | 18.59 | 0.6812) 7.21 
“ 20 | 4.49 | 22.5 0.0 | 22.5) 36.4 | 1.09 | 12.78 | 0.6840) 7.25 
“ 20 | 4.49 22.5 0.0 22.5 39.4 | 1.18 | 18.14 | 0.6800) 7.19 
“20 | 4.49 | 22.5 | 85.0 | 108.0 30.1 | 0.89 | 12.23 | 0.6829) 7.24 
“20 4.49 | 22.5 (185.0 | 208.0 31.9 | 0.92 | 12.83 | 0.6796) 7.18 
June 10 | 5.92 18.0 0.0) 18.0 28.2 | 0.83 11.02 | 0.6839 7.25 
| 6.8 18.0 0.0) 18.0 28.9 | 0.85 11.29 | 0.6836 7.25 


TABLE VI (Fvg. 6). 
DK in 10 mM Reduced Hemoglobin Solution at Varying Ionic Strength. 


Constants. 
38° 
= 0.2366 volt. 
Avail- COz M.F. 
Date. able | NaCl} ten- | HsCOs|NaHCOs) “cor- | Pay 
base. sion. rected. 
1926 | lot leek | i wet 
Nov. 10 | 10.86 36.5 0 36.5 43.4 | 1.15 | 15.07 | 0.6781} 7.17 
“10 | 10.86 | 36.5 25 62.0, 43.7 | 1.15 | 15.21 | 0.6773) 7.16 
“10 | 10.86 | 36.5 50 87.0 38.4 | 1.00 | 14.79 | 0.6782) 7.17 
“10 | 10.86 | 36.5 100 137.0 45.1 | 1.16 | 16.24 | 0.6757) 7.18 
“ 10 | 10.86 | 36.5 150 187.0 44.4 > 1.13 | 15.62 0.6744! 7.11 
1926 
June 10. 11.09 | 33.7 0 33.7, 68.8 | 1.83 | 22.03 | 0.6768, 7.14 
11.00 | 8.7 0 33.7 67.2 | 1.79 | 22.21 | 0.6782 7.16 


nature on reduced hemoglobin in concentrations of 5 and 10 aad 
13 mM over an ionic strength range of 10 to 200 mm. ‘The points 


al 
of 


T 
el 
n 
gl 
| 
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' also fall approximately on straight lines again, indicating a relation 
of the Debye-Hiickel form. The equations for the lines are 
RHb per liter. 
mM 
5 pK,’ = 6.21 —0.42 v7 (21) 
log yx = — 0.12 (22) 
10 pK,’ = 6.14 — 0.34 vr (23) 
log yx = — 0.19 (24) 
13 pk,’ = 6.06 — 0.23 VA ty (25) 
(26) 


log yx = — 0.27 


TABLE VII (F7g. 7). 
Ky'(2C03) in 13 mut Reduced Hemoglobin at Varying Ionic Strength. 
( ) 


Constants. 
38° 
0.2350 volt. ° 


€0 


Available base = 43.2 mM per liter. 


) 
| Hb = 12.91 mo per liter. 
) 


E.M.F. 

mm. 

1927 perl.| mm perl.| mm. Hg | mM perl. | ma perl. volt 

Feb. 16 0 43.2 109.6 2.78 30.96 | 0.6711 7.07 
> aan 0 43.2 85.9 2.17 29.50 | 0.6751 7.14 
ite 51.4 94.6 63.2 1.57 27.02 | 0.6795 7.21 
- a 119.4 162.6 78.6 1.93 28.48 0.6763 7.15 
wee 217.0 | 260.2 85.2 2.04 29.34 | 0.6734 7.10 
7 ae 230.0 | 273.2 $2.8 1.97 29.18 0.6744 | 7.12 


pK,’ in Solutions of Methemoglobin at Varying Ionic Strength.— 

The crystallized methemoglobin was prepared from horse blood by 

electrodialysis, and solutions were prepared and equilibrated as 

with hemoglobin. The data are given in Table VIII and sum- 

marized in Fig. 8 where pK’ is plotted against ~/T’. In methemo- 

globin solutions it is difficult to get accurate pa;; values, but the 

results may be represented with fair accuracy by a line whose 
equation is | 


pki = 6.08 — 0.28 Vr 


log vy, = — 0.25 


27) 

(28) 
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(H2cOs) Methemog M pent. 
B= 0.28 
6.0 
53 
58 
0.1 0.2 03 0.4 0.5 
VT" 


Fic. 8. plXy’(1,.co,) in solutions of 10 mm methemoglobin at varying 
ionic strength. 


TABLE VIII (Fig. 8). 
PRy' (co; in Solutions of 10 mu Methemoglobin at Varying Ionic Strength, 


Constants. July 6, 1926. 
= 38° 
= 0.2366 volt. 
MHb ‘able NaC] H2COs | Pay 
mM perl,’ mm perl.| mae perl. mm perl.| mm. Hy per l.ma per l. volt | 
10.84 70.2 0.0 70.2 | 78.0 | 24.60 | 2.04 | 0.6697 | 7.02 
10.84 70.2 | 100.0 | 170.2 | 71.3 | 24.10 | 1.83 | 0.6719 7.06 
10.84 70.2 | 250.0 | 320.2 | 70.8 | 25.25 11.74 | 0.6674 | 6.9 
9.27 37.4 0.0 37.4 | 62.2 | 18.28 | 1.70 | 0.6702 | 7.03 
9.27 37.4 | 250.0 | 287.4 | 66.4 | 21.42 | 1.71 | 0.6714 | 7.04 
10.25 32.2 0.0 32.2 | 39.1 14.02 | 1.05 | 0.6721 | 7.06 
10.25 32.2 0.0 32.2 | 49.7 16.59 | 1.33 | 0.6711 | 7.05 
10.25 32.2 55.0 87.2 | 51.1 17.19 | 1.35 | 0.6737 | 7.08 
10.25 32.2 100.0 | 132.2 | 44.7 | 16.56 | 1.17 | 0.6746 | 7.10 
10.25 32.2 180.0 | 212.2 | 48.0 17.91 | 1.23 | 0.6753 | 7.11 
10.25 32.2 | 270.0 | 302.2 | 57.9 | 20.31 | 1.45 | 0.6698 | 7.02 


an 


an 


10 
p 
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pki’ of Carbonic Acid in Solutions of Cyanhemoglobin.—The 
solutions were prepared from crystallized cyanhemoglobin. The 
pK,’ values were determined at a 10 mm concentration of HbCN 
and varying ionic strengths. The data are given in Table 1X 


PKs! (H2COs) Cyanhemogl bin =10 M pert. 


0.1 0.2 0.3 0.4 
vr 


Fic. 9. ply’(H.co;) in solutions of 10 mm cyanhemoglobin at varying 
ionic strength. 


TABLE IX (Fig. 9). 
PRy' (11,003) in Solutions of 10 mu Cyanhemoglobin at Varying Ionic Strength. 


Constants. Oct.7, 1926. 
HbCN = 9.57 mM per liter. 
Available base = 33.3 mM per liter. 


= 38° 
€o9 = 0.2367 volt. 
NaCl r Total | H:COs Pay 
mM per |. ma per l. mm. Hg ma per l. mM per l, rolt 

0 33 61.1 21.02 1.66 0.6738 7.08 

40 73 60.1 20.55 1.62 0.6737 7.08 

90 123 57.6 22.14 1.53 0.6757 7.12 

170 203 56.6 22.46 1.48 0.6743 7.10 


and summarized in Fig. 9. Again the straight line relation of the 
limiting law of Debye and Hiickel between pK, and V/T is apparent 
and we have 


pk’ = 6.12 — 0.38 Vr (29) 
log y, = — 0.21 (30) 


| 
| 
| | 
| 6.0 ~ 
| | 


286 HCO, Ion Activity in Hb Solutions 


pKy’ of Carbonic Acid in Solutions of Nitric Oxide Hemoglobin.—The 


solution of HbNO was prepared in such a way as practically to eliminate 
t 
P Ki(H2CO5) T 
d 
63 Nitric oxide Hemoglobin =10mM per l. 
pk 6.21 iD 
£0.38 


p 


60 


0.1 0.2 0.3 0.4 0.5 0.6 
vr 
, Fic. 10. plXy’(H.co,;) in solutions of 10 mm nitric oxide hemoglobin at 
varying ionic strength. Hi 


TABLE X (Fig. 10). 
PKy'(4H2C0;) tn Solutions of 10 mu Nitric Oxide Hemoglobin at Varying 
Ionic Strength. 


Constants. Nov. 18, 1926. é‘ 
HbNO = 10.01 mo per liter. é 
Available base = 49.4 mM per liter. , 
= 38° 
€o = 0.2353 volt. 
mM per l, mM per l, mm. Hyg mM per l. mM perl volt wh 
0 49.4 94.2 28.48 2.52 0.6758 7.14 
50 99.4 112.9 30.43 2.99 0.6695 7.04 
100 149.4 116.1 31.45 3.04 0.6695 7.04 
150 199.4 106.6 31.56 2.75 0.6702 7.05 
] 
the possibility of nitric acid formation. This was accomplished by exclud- an 


ing oxygen at all steps. A solution of hemoglobin was prepared from the 


"he 
ate 


the 
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crystals in the usual way and thoroughly reduced by repeated saturations 
with hydrogen and a high (150 mm. of Hg) COz2 pressure. NO was pre- 
pared from concentrated HNO; and copper was washed by prolonged rota- 
tion in @ liter tonometer with strong NaOH. The two tonometers were 
connected to the gas manifold which was then washed out with hydrogen. 
The nitric oxide was then transferred to the tonometer containing the re- 
duced hemoglobin solution which was then rotated for } tol hour. This 
was repeated once or twice and the solution was then separated without 
contact withair. Nogrosschanges occurred in the solution except a change 
in color to dull ruby, and after separation from gaseous NO the solution 
could be handled in air without any apparent change. The characteristic 
spectrum of HbNO was found and the oxygen capacity was zero. 


TABLE XI (Fig. 11). 
pKs (4.c0;) in Solutions of Carbon Monoxide and Reduced Hemoglobin at 
Concentrations of 2.5 to 19 mM per liter. 


Constants. June 28, 1926. 


t = 38° 
0.2366 volt. 
NaCl = 0 
CO2 T | E.M.F. | 
State. Hb | - | | - pKy’ 
sion. | CO "| nected. | | 
pert. | pert. | Hy | pert. | pert. | Pl 
15.96 82.2 111.5 | 46.23' 2.61 | 0.6830, 7.24 6.02 
9.81) 41.2 | 56.3 | 20.60) 1.52 | 0.6814| 7.21 | 6.11 
5.28 22.2 | 26.5 | 10.93) 0.784 0.6866) 7.29 6.18 
2.53, 10.6 | 13.6} 5.46 0.424 0.6851) 7.27 6.19 
on nS 18.86, 79.3 119.6 | 48.00 2.61 | 0.6796 7.18 | 5.94 
9.81) 41.2 | 64.2 | 26.45] 1.74 | 0.6805| 7.20 6.04 
5.28, 22.2 | 31.3 | 14.14) 0.927 0.6850 7.27 6.11 
2.53, 10.6 | 19.0) 7.10, 0.591) 0.6834) 7.25 6.21 


The pK,’ values in a 10 mm solution of HbNO were determined 
as in the other solutions. Table X and Fig. 10 show the data 
which again yield a straight line relation. 


pk’ = 6.21 — 0.38 Vr (31) 
log y, = — 0.12 (32) 


pK in HbCO and RHb in One Sample of Hemoglobin.—The pKx 


and log y,at varying hemoglobin concentrations given above were 


| 
6 
at 
ng 
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obtained mostly from points on many samples of hemoglobin and 
over a long time interval. While the agreement is good, we 
sought to determine more exactly the relation between pKy and pl 
hemoglobin concentration by using a solution prepared from on § © 
batch of hemoglobin crystals. We therefore determined pK; 
in the presence of HbCO and RHb respectively at concentrations 
of 2.5,5, 10,15, and19mm. The protocols are given in Table XI 


hempg/obin 
63 concefAtration 


NS 


62 \ 


6. 


ON 


6.0 \ 


5 10 20 
Hb mM per tra’ 


Fic. 11. pK« .co;) in reduced and carbon monoxide hemoglobin & 
2.5, 5, 10, 15, and 19 mm per liter. 


and in Fig. 11 we have plotted the data. It is obvious that, sine 

by dilution the ionic strengths vary from 80 to 10 mM per liter, it® FF Fo 
necessary to calculate pKx by extrapolating the experimental pki cur 
values to I = O by use of the equation pK, = pK; + 8 /T and & pk 
the previously observed 8 values for each hemoglobin concel: F not 
tration given in Fig. 13. In the case of HbCO, if we ignore tht Fag 
point at HbCO = 2.5 mM the representative straight line throug! F 


| | 


D at 
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the three remaining points extrapolated to Hb = O gives pKy = 
pk, = 6.32 in excellent agreement with 6.33, the value in aqueous 
solution. Disregarding the slight difference we have for HbCO 


pK, = 6.33 — 0.014 [Hb] (33) 


Kyat varyin 
P *) m $8 lo ben 

conce tration 
63 


bCO 
6.1 \ 
x 
60 
RHb 
5 20 


10 
Hb mM per Ul. 


Fic. 12. Experimental plk,(1.co;) values at varying hemoglobin concen- 
trations. 


from which 


log y, = — 0.014 [Hb] (34) 


For RHb a line through the experimental points would show some 


_ curvature which would also approximately extrapolate to pKy = 
pk; = 6.38. Whether this curvature is valid or significant we do 


not know; therefore we have chosen to ignore it and have drawn 


straight line through the points whose equation is 


pK, = 6.33 — 0.020 [RHb] (35) 


and 
we 
one 
Ons 
XI, 
| | 
| | 
6z 
= | 
and 
ugh 
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from which 


log y, = — 0.020 [RHb] (36) 


Variation of pKx, log yx, and 8 with Hemoglobin Concentration~ 
In Table XII are collected all the data (except those given in 
Table XI) on the calculated pKx, log ys, and 8 values. In Fig, 12 
pK, is plotted against Hb concentration. For both HbCO and 


TABLE XII (Figs. 12 and 13). 
Experimental pK; Log y«, and B Values at Varying Hemoglobin 


Concentrations. 

Concen- Mtlib HbCN HbNO 
tration 
fb. | ok. | Leer 8 pK, | Log 8 pK, |Logy | 8 

ma per l. 
0 6.33 | 0.00 0.54 | 6.33 | 0.00 | 0.54 | 6.33 0.00) 0.44 
10 6.08 | 0.25 | 0.28 | 6.12 | 0.21 0.38 | 6.22 | 0.11 | 0.38 


TABLE XIII. 


Constants for the Calculation of pK,’ and yucoy tn Hemoglobin Solutions 
from Hb = 0 to 20 mm per liter and T = 0 to 300 mM per liter. 


Hb derivative. p 


RHb a straight line may be drawn through 6.33, approximating 
the other points with a deviation of + 0.02; 7.e., 


pK, = 6.32 — p [Hb] (37) 


For HbCO and RHb there are three points obtained from the con- 
posite data and the values of p = 0.011 and 0.021 respectively 
agree quite well with the values 0.014 and 0.020 obtained from 
pK on a single sample of hemoglobin (Equations 33 and 34). It 
Fig. 13 8 is plotted against [Hb]. The variations are greater than 
in the case of pKx. Nevertheless we may draw straight lines from 


( 
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ba 

an 

bu 
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0.54, the value in water, through the points with fair approxi- 
mation. ‘Then 


8 = 0.54 — o [Hb] (38) 


Including 89 = 0.54 in water we have four points each for HbCO 
and RHb. For MtHb, HbCN, and HbNO there are only two 
points each. We have calculated o and likewise p for all the de- 
rivatives in Table XIII. These constants measure the effect of 


0.4 
NdbC0 
03 \ 
8 at varying 
hemog/obin x 
concentration 
O2 \ 
Hb 
0.1 
5 10 5 20 
Hb mM pert. 


Fig. 13. Experimental 8 values at varying hemoglobin concentrations. 


the hemoglobin derivatives on pKj’; on log yyco;. On the 
basis of p the pigments fall sharply into two groups: (1) HbCO 
and HbNO p = 0.012 to 0.013 and (2) RHb, MtHb, and HbCN 
p = 0.021 to 0.025. This division on the basis of ¢ is not so sharp 
but nevertheless quite apparent. In other words pK,’ in hemo- 
globin solutions varies with each derivative. In Paper V we shall 
indicate a possible physical significance of these constants. 
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Calculation of pK,’ at All Concentrations of Hemoglobin and T.— 
Using Equations 37 and 38 and the equation 


pki = pK, 8 VT (39) 


we may closely approximate pKj’ in the range of Hb, 0 to 20 mu 
per liter and T = 0 to 500 mm per liter in various hemoglobin 
derivatives (RHb, HbCO, MtHb, HbCN, HbNO). The con- 
stants p and o are given in Table XIII. The activity coefficients 
YuHco-> Vx, YomMay likewise be calculated from the constants and the 


equations 
log YyC0; = pk, — pKi (8) 
From Equations 4 and 37 
log y, = ph, — pl: (4) 


—p [Hb] (40) 


From Equations 4, 5, 8, and 38 

log ¥, = log 108 % (5) 
— ph, 


— — o [HI] 


We have plotted in Fig. 14 the values of pK,’ against +/T for 
reduced and carbon monoxide hemoglobin at concentrations of 10 
and 20 mm. The graphs bring out clearly the effects of hemo- 
globin concentration and ionic strength as well as the difference 
between HbCO and RHb on these factors. 

pK’ of Carbonic Acid within the Red Blood Celi.—In order to 
assign a value to pK,’ in the hemoglobin solution within the red 
blood cell we must make two assumptions, purely tentative. 
First that the physical state of hemoglobin in solution within the 
cell is not so different from that in our experimental solutions as to 
influence markedly the dissociation of carbonic acid or the activity 
of the bicarbonate ion. The preponderance of hemoglobin over 


gad 


— 
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other cell constituents is in favor of this. Second that the pk,’ 
determined for carbon monoxide hemoglobin is the same as for 
oxyhemoglobin. This is admittedly a more tenuous assumption 
but we cite the chemical similarity of these two forms of hemo- 
globin in their isoelectric points (O: or CO), dissociation curves, 
and CO, absorption curves, particularly the identical increase in 


alcvlated pK, lat varying con- 
pKs\(H2C Os) centra of hemoglp in 


b-0 


60 
— — 
58 0.2 
Vr 


Fig. 14. Caleulated plx;/(1.co,) in reduced and carbon monoxide hemo- 
globin at 10 and 20 mo per liter. 


base bound at constant pH in passing from reduced hemoglobin to 
HbCO or HbOs,, as lending it some support. 

The concentration of hemoglobin within the normal human red 
) blood cell is quite constant and is approximately 20 mm per liter. 
The ionic strength is also quite constant at [ = 100 to 120 mM per 
liter of cells. For oxyhemoglobin then pky’ is 5.98 and for re- 
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duced hemoglobin it is 5.87; this latter value is in approximate 
agreement with the value of 5.93 for laked horse red blood cells 
obtained by Van Slyke, Hastings, Murray, and Sendroy (1925). 

Our experiments on single samples of hemoglobin solutions have 
consistently shown pK,’ to be higher in the presence of carbon 
monoxide hemoglobin than in reduced hemoglobin. At the hemo- 
globin and ionic concentration of the red blood cell the difference 
is small, it is true, and while we are reasonably confident that 
in vitro the pKy';y,co;) in the presence of reduced hemoglobin is 
less by 0.1 than in the presence of carbon monoxide hemoglobin 
(and by assumption oxyhemoglobin), we cannot be positive of the 
reality or physiological significance of this difference within the 
interior of the red blood cell. 


TABLE XIV. 
PRKy'(H2c0;) in Hemolyzed Horse Red Blood Cells. 


Constants. Oct. 25, 1926. 


Dry gage = 38.1 per cent. 


= 0.2367 volt. 
CO» Total | pki’ 
State. r | ten- | HeCOs; | rar cor- Pay, ob- calcu- 
sion. | | CO2 | rected. lated. 

| 
HbCO..............) 238 120.4 | 2.24 | 35.98 0.6751) 7.10 | 5.92 | 5.94 
177 | 72.3, 1.37 | 19.30, 0.6669, 6.97 | 5.85 5.89 


We have sought to test this point more directly by determining 
pk,’ on hemoglobin solutions obtained from cell emulsions by 
hemolysis. Horse red blood cells were washed three times with a 
30 mm NaHCO, 150 mm NaCl solution adjusted to a pH of about 
7.40. The heavily packed cells were hemolyzed by saponin. 
The supernatant fluid was carefully examined to be certain no 
cell forms were present. The equilibration of the reduced and 
carbon monoxide hemoglobin was done in the usual way and the 
pay, base, chloride, hemoglobin, and carbonates were determined. 
Analyses were made of weighed samples and the volumes calcu- 
lated from the observed specific gravity. This is essential since 


t = 38° 
Hb = 18.22 mo per liter. 
Cl = 103 m.-eq. per liter. 
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a concentrated saponized solution of red blood cells is so viscous 
that accurate pipetting is impossible. The results are given in 
Table XIV. 

It was found that the conversion of cell contents after hemolysis 
into carbon monoxide hemoglobin resulted in an abundant crystal- 


TABLE XV. 
PK1'(H2Cc0;) in Hemolyzed Beef and Human Red Blood Cells. 


Constants. 
A. Beef cells, Nov. 17, 1926. B. Human cells, Nov. 26, 1926. 
Hb = 15.81 mo per liter. Hg = 20.02 mo per liter. 
Total base = I = 121.1 m.-eq. per Total base = T = 142.2 m.-eq. per 
liter. liter. 
Cl = 56.6 m.-eq. per liter. Cl = 57.3 m.-eq. per liter. 
= 0.2853 volt. aco, = 0.0208 
Dry weight = 0.2775 kilo per liter. - eo = 0.2353 volt. 
Dry weight = 0.3805 kilo per liter. 
78.91.85 18.16 0.6647 6. 966. O1 
80.8 1.90 18.35 0.6651 6.97 6.037 8-0 
82. 11. 93 22.700. 6673 7. 005.97. . 975.93 
85.32.00 23.700. 6682 7.02 5.98 


Ditference. 0 0.09 


55.41.15 13.1 0.6686 7.03 6. 02 5 
33.50.68 13.1 0.67857.095.94 5.945.87 


Difference. 0.08 0.09 


lization. To avoid this we were compelled to add an excess of 
base to that sample. However, the plx;’ values observed agree 
quite well with the calculated values from Fig. 12 and the pli,’ 
difference is again apparent. 

We were anxious to obtain a further confirmation of the phy’ 
difference in cell contents as little changed as possible; we there- 


q 
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fore resorted to beef blood which we centrifuged at high speed 
in small tubes for 1 hour to effect complete separation of cells, 
The mixed cell magna was diluted with 4 volumes of water to 
effect hemolysis, centrifuged, and the supernatant liquid con- 
centrated by evaporation at 38° to its original volume, yielding 
a solution of low viscosity and free of cells as shown by careful 
microscopic examination. As before, analyses were made of 
weighed samples, the volumes being calculated from the observed 
specific gravity. Table XV contains the data. The py’ values 
are in good agreement with those calculated from p and o, and as 


TABLE XVI. 
tn Reduced and Carbon Monoxide Hemoglobin with 
Excess of Base. 
Constants. Oct. 19, 1926. 
Hb = 9.92 mo per liter. 


t = 38° 
I’ = base. 
= 0.2367 volt. 
NaCi = 0 
Avail- | | _ | EMF, | phi’ | 
State. ten- CO cor- | Pay ob- caleu- 
| base. | sion. | ~ ae | rected. | served. | lated. 
31.3) 61.6 16.09 1.67 0.6741 7.08 | 6.14 6.12 
31.3) 62.7 21.15 1.69 0.6735 7.07 | 6.01 6.07 
60.0 103.3 41.85 2.78 | 0.6850 7.27 | 6.12 6.10 
_ 60 0 127.2 45.41 3.42 0.6816 7.21 6.12 6.10 
60.0 131.9 49.84 3.53 0.6788 7.17 6.05. 6.04 


ks 60.0 129.0 48.50 3.47 0.6784 7.16 6.05 6.04 


— 


before the difference of the plxyy’ values in HbCO and RH b is ap- 
parent. The experiment was repeated on human blood cells, 
hemolysis being brought about by saponin. Analyses were again 
made of weighed samples. The results (Table NV) are in con- 
formity with those on horse and beef cells. While the pix,’ values 
found are higher than calculated, the difference in px,’ of 0.08 ts in 
agreement with the calculated difference of 0.09. 

PK in Reduced and Carbon Monoxide Hemoglobin in Presence 
of Leacess of Base. ‘The relative insolubility of carbon monoxide 
hemoglobin may lead to erystallization from solutions if the avail- 
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able base fall below a certain minimum. We observed that such 
erystallization occurred in some of our solutions after long stand- 
ing at room temperatures, although it was never apparent during 
the course of equilibration or pay determination. Nevertheless we 
thought it possible that the difference of the pIx;’ values bet ween 
RHb and HbCO might be due to a partial crystallization of HbCO, 
giving a dilute HbCO solution and hence a higher phy’. We 
tested this by px,’ determinations in RHb and HbCO solutions, 
adding such an excess (twice that needed for solutions of the 
HbCO) of NaOH that erystallization was undoubtedly exeluded. 


TABLE XVII. 
in Aqueous Solution at Constant Ionic Strength but Varying pax. 


Constants. Feb. 17, 1926. 


t = 38° 
€y = 0.2360 volt. 

NaHCO: | NaC} fF | 

mM peri. | mM perl, mM per i, mo. fi; me perl, | rodt 

20.0 0 20.0 620 20.20 0. 6130 6.11 6.11 

9.33 | 0 | 19.3 611 19.9 0.6216 6 24 6.25 

20.0 20.0 307 9S 6360 6 50 6 20 

20 0 0 20.0 304 Q SS 0 6280 6. 52 6 21 
2.26 0.6797 7 1S 6 24 


19. 41 0 19 4 69 


Calculated. | 6.25 


The data (Table NVI) showed that pk,’ was the same with high 
or low base, the results being in agreement with our ecaleulated 
values and showing that a diminution of the HbCO in solutions by 
erystallization did not cecur and was not 2 source of error in the 
pk,’ measurements. 

Constancy of PRy’ neo, at Constant Tonic Strength but Varying 
pay, and the Activity Coefhcient of the Carbonate Ion of Hemoglobin 
Bicurbonate. (a) In Simple Aqueous Solution. ~The assumption 
that phy’ of carbonie acid in NaHtCOs-HeCOs-NaCl systems is the 
same regardless of the pay, is a natural one and Is repeatedly made 
without, so far as we know, experimental proof. We have tested 
it in simple aqueous solutions, using 2 solution of 20 mx NaHCoOs. 
The data (except for the tirst) (Vable indicate that phy’ is 
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TABLE XVIII. 
PKy'(H2Co;) in Carbon Monoxide Hemoglobin Solution at Constant Ionic 
Strength but Varying pay. 
Constants. May 20, 1926. 
HbCO = 8.09 mo per liter. 
Available base = 57.2 mm per liter. 
NaCl = 0 
t = 38° 
€o = 0.2366 volt. 
= 57.2 mM per liter. 
tension. | Total H2COs | | Pay pki’ 
mm. Hg mM per l, mM perl. volt | 
21.4 23.60 0.595 0.7114 7.70 6.11 | 
46.7 28.81 1.298 0.6961 , 7.45 6.12 
154.9 40.65 4.305 0.6670 — 7.05 6.12 
227.5 45.86 6.32 0.6557 6.89 6.09 
253.5 46.83 7.05 0.6495 ! 6.80 6.05 
TABLE XIX. 
PKy'(H2C0;) tn Reduced Hemoglobin Solution at Constant Ionic Strength but 
Varying pan. 
Constants. Nov. 2, 1926. 
RHb = 10.6 mo per liter. p 
é€o = 0.2367 volt. 
= 133 mM per liter. 7 
pk,’ = 5.99 calculated. Dp 
2 | ClO | 
11.5 | 121 12.9 5.1 0.334) 4.8 0 | 0.6727, 7.07 | 5.92 he 
14.2 118 26.4 29.3, 6.87 | 22.4 36) 0.6386 6.51 | 6.00 
11.5 | 121 | 29.1 28.6 7.54) 21.1) 46 0.6335 6.43 | 5.98 
4.8 128 28.4 25.7 7.38 18.3 74 | 0.6307) 6.39 | 6.00 
—6.0* 133 29.0 11.1) 7.55 4.5 100 | 0.5832) 5.64 | 5.96 
ac 
Mean....... + 0.026 
* Iixcess of HCl over total available base. Ca 
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constant over the wide pH range studied (6.2 to 7.2), the values 
being In agreement with our previous results. 

(b) In Solutions of Hemoglobin-We have just shown that 
pki’ .c0;) 18 constant within wide limits of pay. Whether this con- 
stancy exists in hemoglobin solutions is of practical and theoretical 
significance. We have tested the question experimentally in two 
samples of hemoglobin, the data being shown in Tables XVIII and 
XIX. In the first sample equilibrated as HbCO the available 
base was relatively high; therefore the pa; change secured by 
variation of the CO, pressure was comparatively limited, ranging 
from 6.8 to 7.7. The pli’ is quite constant to pH 7.05, below 
which there is a decrease of 0.07. 

We repeated the experiment on a second sample of hemoglobin. 
This was first converted into reduced hemoglobin and part of the 
available base was then neutralized by HCl. In this way we were 
able to get pH values as low as 5.6 without apparent change in the 
hemoglobin. Except for the first determination all of the pH 
values are below the isoelectric point (6.8) of hemoglobin. Within 
a pH range of 5.64 to 7.07 plx,’ is practically constant (5.97 + 
().026) in good agreement with the value 5.99, calculated from 
pando. 

It will be noted that the concentration of HCO;7 except at pH 
7.07 exceeds the concentration of available Na. In other words 
part of the HCO3~ ion was combined with hemoglobin as biearbo- 
nate as shown in the seventh column of Table XIX. Since pk,’ 
is here found to be constant, we find by I:quation 8 that yzco,- is 
constant. This is consistent with our previous assumptions that 
HbHCO; is completely dissociated and that in hemoglobin solu- 
tions at the same ionic strength the activity coefficient of the 
bicarbonate ion is constant whether the associated cation is Na or 
hemoglobin. 


SUMMARY AND CONCLUSIONS. 


1. The apparent first dissociation constant, ply’, of carbonic 
acid was calculated from the electrometric pay, and stoichiometri- 
cal total CO. and Peo, in solutions of varying concentrations of 
carbon monoxide hemoglobin, reduced hemoglobin, methemo- 
globin, cyanhemoglobin, and nitric oxide hemoglobin and varying 


| 
“a 
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ionic strengths. These pk,’ values when plotted against the +/T 
give linear equations of the form, pk,’ = pKy — 8 VI. 

2. The total activity coefficient of the bicarbonate ion was 
calculated from pK,’. In all cases log yyco,- plotted against +/T 
gave a straight line corresponding to the linear relation, log 
yuco. = —B VI, of the limiting equation of the Debye-Hiickel 
theory. When Hb = 0, the theoretical 8) = 0.54 is obtained. 
With increasing Hb concentration, however, 8 decreases, the ex- 
tent of decrease varying with the hemoglobin derivative. £8 can 
be expressed by the equation 8 = 8) — o [Hb]. 

3. pK, the value of pk,’ at finite hemoglobin concentrations 
and I’ = O, also decreased according to the equation pK, = 6.33 - 
p |Hb]. p and o are constants characteristic of the derivative of 
hemoglobin. On the basis of these constants the derivatives may 
be divided into two groups: (1) HbCO, HbNO; (2) RHb, MtHb, 
HbCN. 

4. The activity coefficient yyco,- can be equated to two activity 
coefficients, Ys and Yo, and calculated by the equations 


log VHCO; = log Y, + log Yo 
log vy, = — p [Hb] 


log Yo = — [0.54 — o [Hb]] Vr 


These activity coefficients allow the calculation of pK,’ over wide 
ranges of Hb and TIT. ‘yx measures the effect of hemoglobin on 
vuco,, While yo gives the effect of salt. 

5. The caleulated pK,’ in the red blood cell is tentatively calcu- 
lated as 5.98 and 5.87 for the oxidized and reduced states respec- 
tively. These values were confirmed by direct determinations 
in hemolyzed human, horse, and beef cells, equilibrated as HbCO 
and RHb. 

6. At constant IT, pK, and yyco,- are constant in hemoglobin 
solutions at pay values above and below the isoelectric point, 
showing that the activity coefficients of HCO,;~ are the same 
whether combined with sodium or hemoglobin. 
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INTRODUCTION. 


The Debye-Hiickel theory of solutions was formulated in 1923. 
It has stimulated the reconsideration of a large amount of pre- 
existing data and the projection of further experiments to test its 


’ A table of the symbols used will be found at the end of this paper. 
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range of validity. Practically all of this work deals with simple 
aqueous solutions of one or at most two electrolytes, although 
there is a limited amount of data in such solutions as water- 
alcohol-salt and water-sugar-salt. The extension of the theory 
to biological systems in which there are water, a colloidal elec- 
trolyte (protein) in high weight concentration, many salts, and 
non-electrolytes, is beset with theoretical and practical diffi- 
culties. Nevertheless, the general validity of the theory has been 
so well established that this extension will undoubtedly prove 
profitable. For this reason we have considered the Hb, H*, 
NaCl, HCO,, COs equilibria reported in the previous paper in 
the light of the Debye-Hiickel theory and have attempted to 
determine the extent of conformity and non-conformity of the 
theory to our data. 

We have discussed the subject always with reference to the 
particular system water, Hb, H*, HCO;, NaCl, COs. No pre- 
tence is made that the treatment is complete; much more experi- 
ment, specifically designed in the light of the theory, is needed 
before any extensive analysis of that behavior of water-protein- 
salt solutions can be given. In general, however, we may say 
that our data are satisfactorily in accord with the theory, but 
lack of direct or other indirect experimental data on the effect of 
hemoglobin on the dielectric constant of water makes it im- 
possible at present to offer the agreement as proof. In other 
words, the Debye-Hiickel theory of solutions offers us the only 
plausible explanation with which we are acquainted of the effect 
of hemoglobin on the activity of the bicarbonate ion. 

Résumé of Experimental Data on yyco; in Hemoglobin Solu- 
tions.—Let us for the moment disregard any theory as to the 
behavior of COs. in solutions containing NaHCO;, NaCl, and 
hemoglobin or its derivatives, HbCO, MtHb, HbCN, HbNO. 
We have defined certain quantities, viz. pKx, Bo, 
YHCO» Ye Yo) and IT, which may or may not have their usual 
theoretical significance. These values as defined by us are 
calculable from the experimentally determined CQO, tension, 
total base, total COs, pay, chloride, and water content in a series 
of solutions whose hemoglobin content varied from 0 to 20 mM 
per hter. Our data clearly establish the following facts. 
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1. In water, as found by Hastings and Sendroy (1925), the 
relation pK, pKy’, and is: 


pki = pki — & Vr (1) 
pk, = 6.33 from which 


80 was found to be 0.54, practically the theoretical value. 
2. In hemoglobin solutions we have found a similar relation 


for pKy’, 8, and 
pki = pK, — 8 Vr (3) 
It was also found that 
pK, = pK: — o[Hb] (4) 
and 
8B = By — o[Hb] (5) 


p and o are constants characteristic of the derivative of hemo- 


globin. 
The activity coefficient yoo, when divided into two co- 


efficients, 7.e. 


log =m log log Yo (6) 


could be calculated from the equations 


log y, = — e{Hb] (7) 


log vo = — [8 — o[Hb]] Vr (8) 


We will show that the Debye-Hiickel theory of the behavior of 
electrolytes in solutions may be extended to concentrated hemo- 
globin solutions and that it offers a satisfactory explanation of 
these facts. 

Debye-Hiickel Theory in Aqueous Solutions.—The properties, 
eg. vapor pressure, freezing point, boiling point, osmotic pressure, 
membrane equilibria, electromotive force phenomena, etc., of very 


= — Bo vr (2) 
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dilute aqueous solutions of non-electrolytes and electrolytes can 
be quite satisfactorily explained by the application of the laws for 
ideal solution and the assumption that the (strong) electrolytes 
are completely ionized. In more concentrated solutions, however, 
the departure from the ideal state is great. Debye and Hiickel 
(1923) explain in a satisfactory manner the behavior of strong 
electrolytes not only in water but in any solvent even in concen- 
trated (3 to 5M) solutions. Their theory evaluates the electrical 
effect of the charges of all the ions in the solution upon a given 
ion, A, in terms of the valence and concentration of all the ions, 
the valence, concentration, the effective ionic diameter of the given 
ion, and the dielectric constant of the solution. 

The theory assumes nothing about ionization; it merely meas- 
ures the effect on the properties of any given ion species of all 
ions present. J¢xperiments on strong electrolytes show that as a 
rule they must be assumed to be completely ionized to account 
for this effect. 

The salient features of the theory with emphasis on _ those 
aspects which relate to our problems will be discussed here. Since 
our discussion is limited to univalent ions (except in the case of 
the hypothetical hemoglobin ion discussed below), the Debye- 
Hiickel equation may be written here 


Bo Vr 


log = — (9) 
1+ Bavr 


1.8 X 10° 
0 = ——.——— (1.8 X 10° is calculated from universal constants.) 


3 
0 


Do = dielectric constant of water. 

T = absolute temperature. 

Bo = 0.505 at 25°. 

Bo = 0.532 at 38°. 

B = 50.4a X 108 (50.4 X 108 is calculated from universal constants.) 


Boye = 0.328a X 108. 

B3s° = 0.334a x 108. 

G is a function which gives the variation of the dielectric constant of the 
solvent with’. = 32 22[c]; 7.e. one-half the summation of the product 
of the concentration [c] (in mols per liter) of each ion by its valence 
2 squared, is the ionic concentration. 

yi is the activity coefficient of the ion. 


b 


0 

t 

t 

e 
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a = mean ionic collision sphere or distance in cm. of closest approach 
between the center of the ion A and the center of any surrounding positive 
or negative ion. 


Relation of T and u.—The equation 


Mi 
10 
[el (ea) wis 
gives the relation between IT the ionic strength per liter and u 
the ionic strength per kilo of solvent. It is important to note 
that Equations 9 and 10 required that the ionic strength be 

expressed as mols per liter = T. Since 


T 
Ci 


= 4(W] 2 = (Wl 
Equation 10 becomes 
log yi = — 0.53 VJ (11) 


The use of Iquation 11 without the |W] factor leads to erroneous 
results in concentrated protein solutions; e.g., in the red blood 
cell [WW] = 0.65 and w» = 0.170 mols per kilo of H.O. If we 
assume hemoglobin to be without effect, — log yyeco,- 1s 0.176. 
By use of I-.quation 14 without the [|W] term, — log yyco,- = 0.219. 
The corresponding pIX, values are 6.154 and 6.111. In serum 
un = 0.160 and [W] = 0.9 approximately. The above error is then 
only 0.010. 

Valence of Hemoglobinate Ion in Calculation of T and p.—In 
alkaline hemoglobin solutions a considerable part of the available 
base may exist as BHb; 7.e., we may have a fairly high concentra- 
tion (10 to 40 mm per liter) of the colloidal ion Hb~**. There 
is enough evidence (Stadie and Martin, 1924) to show that 1 
molecule of hemoglobin can bind 10 to 20 univalent base ions; 
its valence is 10 to 20. Since = 3 2? [c;,], the contribution 
of Hb~** ion to I may be 100 to 400 times its concentration. 
The above value of z is approximated for a molecular weight of 
hemoglobin of 16,700, but z becomes 40 to 80 on the more probable 
value of 4 X 16,700 which would make the maximum I factor 
6400 


— ss 1600. Should we not multiply [Hb~*] by some such factor 
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in calculating r'? In viewof the following consideration we believe 
this question should be answered negatively. 

The introduction of 2? into the ionic strength arises as follows: 
Call hz the effect which charged ions of the A sort have upon given 
B ions. Using the Boltzman principle, Debye and Hiickel 
derived an expression for the hg which for simplicity we write 


hp = funcet. (naza e Pa) where 

n4 = number of A ions in unit volume. 

z\ = valence of A. 

« = elementary electronic charge. 

Ps, = potential about B due to charges on A ions. 


HbCO =|10 mM |per l. 
verage BHb m per 


0.1 0.2 0.3 0.4 0.5 


Fic. 1. Log yHco;- in 10 mm carbon monoxide. Average BHb = 16 ms 
per liter. 


To evaluate P they used Poisson’s equation for the variation of the 
potential about a point having a charge + ze. The expression 
may be briefly written 


P = funct. (z, @ 
from which they obtained 
hy = funct. (mg 24 €?) = funct. (24 cy) 


The assumption of Poisson’s equation, that the charges on the 
ions A act as if at a point, is a sufficiently close one for ions of the 


6.0 
Vr 


zo 
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TABLEI (Fig. 1). 
Log Varying T and Varying BHb. 


HbCO = 10 mo per liter. 


BHb — LoeYycos vr 
mM per l, 
I 15.2 0.26 0.37 
15.6 0). 24 0.30 
16.1 0.18 0.18 
16.4 0.21 0.43 
17.4 0.27 0.37 
17.5 0.31 0.52 
Average......... 16.4 
II 22.1 0.31 0.43 
22.9 0.22 0.18 
23.2 0.31 0.37 
24.0 0.20 0.23 
24.5 0.21 0.18 
24.9 0.23 0.23 
25.5 0.23 0.30 
26.7 0.29 0.47 
26.8 0.25 0.38 
27.4 0.46 0.86 
27 .7 0.41 0.74 
28.1 0.33 0.50 
28.2 0.36 0.59 
31.1 0.17 0.23 
Average......... 26.6 


* Calculated assuming Hb~€ univalent. 


TABLE II. 
Constant T and Varying BHb and HbCOs,. 


lr = 133 mm per liter.* 
RHb= 10.6“ “ 
BHb HbHCOs Log 
mM per l. mM perl. 
20.3 0 0.35 
6.7 0 0.41 
0 8.2 0.33 
0 9.6 0.33 
0 13.5 0.37 


* Calculated assuming Hb**£ monovalent. 
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order of 10-® cm. The colloidal hemoglobin ion has dimensions 
of an entirely different order of magnitude and we might readily 
suppose that compared to the ordinary ions the charged points are 
at infinite distances from each other. Obviously each point 
would act independently in its influence on B, as if it possessed -a 


log 
O. 
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Fic. 3. Theoretical relation of log y to »/r showing the effects of the 
three terms of the expanded Debye-Hiickel equation. 


charge + ze where z = 1. Whereas a hemoglobin ion may have a 
stoichiometrical valence of z, its ionic strength valence may be 1 
or at least small. 

That the charges on the hemoglobin ion act as if at an infinite 


— 

— 
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distance from each other, or, in other words, that the ionic strength 
valence of Hb~* is 1, is indicated by the following experiments. 
Two series of pK,’ were determined in hemoglobin solution 
of constant concentration of Hb but varying concentrations of 
BHb; 7.e., Hb***. The pK,’ values are plotted against +/T 
(ealeulated with z,;, = 1) in Figs. 1 and 2 from which we have 
calculated the log yyco,- values given in Tables I and IT. 

Log yuco,- of the first six points (Table I) with average BHb 
of 16.4 mo per liter when plotted against ~/I may be represented 
with small deviation by — log yyco,- = 0.10 + 0.46°*>/T. The 
remaining fifteen points with an average BHb = 26.6 mm with 
somewhat more dispersion give — log yyco, = 0.11 + 0.42 V7. 
A 60 per cent increase in Hb~** produced no appreciable change 
in log yuco,-- Similarly (Table II) even larger changes in the 
concentration of Hb*** (positive or negative) produced no change 
in log yyco,- outside the experimental error. 

It is clear than an ionic strength valence of Hb ™ much grcater 
than 1 should have changed I sufficiently to alter log Yyc0,-. 
The absence of this effect is in accord with the assumption that it 
may be taken as 1. 

Ionic Collision Sphere of the Bicarbonate Ion.—Debye and 
Hiickel first considered all the ions as charged points. This 
simplification of I.quation 9 gives 


log 75 = — Bo Vr (12) 


the limiting law for very dilute solutions (Fig. 3, heavy line). 
They next considered the case in which a given ion, B;, was as- 
sumed to be a sphere of finite radius. They state (Debye and 
Hiickel, 1923) that the magnitude a clearly then does not measure 
the ion radius but represents a length which pictures a mean 
value for the distance to which the surrounding ions, positive as 
well as negative, can approach to the given ion. Scatchard (1927) 
has called a the ionic collision sphere. The value of a, however, 
should approximate molecular dimensions as determined by totally 
independent methods and the striking agreement of the theory 
in this respect is one of its important experimental confirma- 
tions. For the common univalent ions a ranges between 2.5 to 
5 xX 10-5 cm. 


+ 2€ 
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This assumption of an ionic collision sphere of finite diameter 
makes Equation 9 | 


Bo Vr 


log = — 
1+ Bavr 


The effect upon the activity coefficient is shown (dotted line) 
in Fig. 3 in which — log y;is plotted against \/T. For practically 
all salts studied (since they have a finite values) the log y; — /T 
relations are curves of this character. The quite exact adherence 
(in water) of log yyco,- against ~/T toa straight line with theoreti- 
cal slope from a concentration I = 0.010 to 0.5 m is unusual. 
The alternative conclusions to be drawn from this are that a is 
small or zero or our calculation of yyco,- is erroneous. It should 
be emphasized that this discrepancy of yyco,- from theory and 
experience with mean ion activity coefficients determined by more 
rigid thermodynamic methods (e.g. in cells without liquid junction) 
is a serious one and hence the values should be accepted as tenta- 
tive, especially in the higher concentrations. Without discussing 
the matter in detail we may point out that the bicarbonate ion is 
not completely unique in giving a = O by Equation 9. For 
example the mean ion activity coefficients, 7.e. yx = Vy y_ of 
NaNO; and NalO3 (determined from the freezing points) and y.. 
of some cobalt amine salts in NaCl (determined by solubilities), 
follow Equation 10 up to T = 0.3 to 0.5; 7z.e., the values of a by 
Equation 9 are zero. ‘The measurements are of course independ- 
ent of liquid junction potential. Furthermore, Gronwall (1927) 
has shown that Equation 9 is a special case of a more generalized 
equation. Briefly Gronwall’s conclusion is that the observed 0 
or even negative values of a obtained by Equation 9 become finite 
and positive when calculated by his more general equation. 
Specifically a value of a = 0 by Equation 9 becomes 2.12 x 107% 
em. Wemay say then that the adherence of log y;;¢o0,- to Equation 
10 is not necessarily contrary to the theory or experiment with 
other ions. 

Dielectric Constant of Aqueous NalICO3-NaCl Solutions.— 
Hiickel next determined the effect of ions upon the dielectric 
constant of the solution. He introduced the GI term into Equa- 
tion 9, which gives as a complicated function of I, the change of 


(13) 
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the dielectric constant of the solution with increasing ionic 
strength. The effect of this dielectric change is to cause log y; 
to pass through a minimum and increase (dash line, Fig. 3). 
This effect is usually appreciable only at high (1 M) salt concen- 
tration. It is absent in the NaHCO;-NaCl solutions studied (up 
to 0.5 m) as we have seen; hence we shall disregard it completely 
in the subsequent discussion. 

Hydration in Hemoglobin Solutions.—In any aqueous solution 
of ions or molecules it is necessary to consider the possible ocecur- 
rence of hydration. We will not discuss the hydration of the ions 
here except to emphasize Hiickel’s statement that activity meas- 
urements can give no categorical answer as to their existence. On 
the other hand, a solute like hemoglobin might be considerably 
hydrated and in a solution of 30 per cent by weight (20 mm per 
liter) such hydration might have an appreciable effect on the 
properties of the solution. As in the case of the ions, activity 
measurements yield no direct answer to the question which must 
be sought by other methods (optical, chemical). 

We can assume either that there is hydration or no hydration; 
the agreement of the experimental facts with one or the other 
hypothesis will govern our choice. No hydration of hemoglobin 
is assumed here since, as we shall subsequently show, the experi- 
mental data may be satisfactorily explained on this basis. 

Existence of Xjyco,.—In part we have already discussed the 
possible occurrence of in solutions of Nat, HCQO;-, CQz:, 
Hb. We define it no more exactly than to say it is not 
HCO;- ion and have, for simplicity, assumed it = 0. In the 
main, our data are apparently in accord with this assumption. 
However, since there is no conclusive evidence on this point, if 
subsequently Xypco, can be evaluated our conclusions will have 
to be modified in part or in whole. As in the case of hydrates, 
activity measurements cannot determine Xy)co, or any similar 
protein ion compound. To call Xjpco, undissociated hemoglobin 
bicarbonate is to assume that NaHCO; is completely dissociated 
while HbHCO; is partially dissociated. This is a possible hypoth- 
esis, but in view of our conclusion that HbHCQO3 behaves as 
NaHCQ;in this respect we believe it unlikely. 

Debye-Hiickel Theory in Hemoglobin Solutions.—In our hemo- 
globin solutions, 7.e. a mixture of electrolytes and non-electrolytes, 
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a combination of the Debye-Hiickel theory for electrolytes and 
the principles discussed by Debye and McAulay (1925) and 
Scatchard (1927) for non-electrolytes gives a satisfactory theoreti- 
cal approach to our problem. It is necessary to derive a function 
for the free energy of the bicarbonate ion under all of our experi- 
mental conditions in terms of yy¢o,-: | 

Effect of Hemoglobin on the Free Energy of the Bicarbonate Ion.— 
Transfer 1 gm.-ion of HCO;~ at constant concentration and infinite 
dilution, first, from pure water to a solution of ionic strength = 0, 
hemoglobin = [Hb], the free energy change = AF,; second, at 
constant hemoglobin = [Hb] to a solution of ionic strength = I. 
The free energy change = AF». The total free energy change 
in both steps is 


We may express these free energy changes as activity coefficients; 
1.€., 


log YHCO; = log y, + log vo (15) 


AF, is the free energy change at constant dielectric constant and 
is due to the interionic electrical effects at varying T. Log yo is 
the corresponding activity coefficient, and, as we have already seen, 
Hiickel equated this to 


log vo = — Bo VP (16) 


AF, is the free energy change of transfer from a solution of di- 
electric constant Dp to one of dielectric constant D, when T = 0. 
Log yx is the corresponding activity coefficient. 

We will evaluate these free energy terms for hemoglobin solu- 
tions and then we can calculate log yyco,- and the corresponding 
pK,’ atany [Hb] orl. We will consider AF, = R T In first. 

Dielectric Constant of Hemoglobin Solutions.—In order to ecaleu- 
late log yo we must properly evaluate the 6 coefficient in hemo- 
globin, and to do this it is necessary to be aware of the meaning 
of Do, the dielectric constant factor contained therein. With 
rare exceptions solutions of non-electrolytes in water decrease 
the dielectric constant. The effect of salts except in high con- 


AP + APo (14 
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centration is small; the enormous electrical forces about an ion, 
however, (in water a univalent ion at a distance of 3 X 1078 em, 
from its center develops a potential difference of 2 10° volts per 
em.) must produce a change (increase) in the dielectric constant 
in the zmmediate neighborhood of the ion. We have to distinguish, 
then, three dielectric constants: Do, that of the pure solvent; 
D,, that of the solution as a whole; and D;, that in the immediate 
neighborhood of the given ion whose activity is under considera- 
tion. The theoretical value of 8 will vary with our choice of one 
or the other. On the theoretical grounds Debye and Pauling 
(1925) excluded D; from consideration, and in dilute solutions of 
salts, where D, is practically constant and equal to Do, they 
conclude that the dielectric constant of the pure solvent should 
be used. The experiments of Brénsted and La Mer (1924) in 
very dilute solutions, and those reported by Hastings and Sendroy 
(1925) and ourselves on yiyco,- for aqueous solutions of HCO;-, 
are in agreement with this hypothesis. 

Non-electrolytes, however, may have as a rule a marked effect 


on the dielectric constant of water. It is obvious that in I-quation 
constant constant ; 
17 Bo = D,’ must be replaced by 8 = D. where D, is 
the dielectric constant of the hemoglobin solution. We will 
assume that the dielectric constant D, of a solution of hemoglobin 
is increased proportionately to the hemoglobin concentration and 
that the increase is different for each derivative of hemoglobin. 

On the basis of this assumption alone we will show that the 
Debye-Hiickel theory will account for the behavior of the HCQ;- 
ion in our systems and that the two major effects of hemoglobin, 
viz. (1) the decrease of yx at I = 0 and increasing hemoglobin and 
(2) the decrease of 6 with increase of hemoglobin, are in harmony 
with the assumption. 

Calculation of 8 at Varying Hemoglobin Concentrations.—Repre- 
sent the dielectric constant of a solution of any given hemoglobin 
derivative by an interpolation formula 


D. = Dy (1 + [Hb] + o [Hb]? +... 


6 and 6’ are constants characteristic of each hemoglobin derivative 
and give the per cent increase of the dielectric constant per mM 
of Hb. J-xperience with other non-electrolytes indicates that we 
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may neglect higher powers of [Hb] over a short range of con- 
centration; 7.é., 


D. = Do (1 + 8{Hb)) (17) 


Introducing D, into B we get 


_ 186 X 10° _ 1.86 X 10° 
Dt T? D: T° 


0 


(1 + 


Expanding (1 + 6 [Hb])~?, and neglecting higher powers of 
§ [Hb], which is subsequently shown to be always less than 


0.4, we get as a sufficient approximation, 8 = {> (1 — ; 5 [Hb}). 
Since 
Bo = 0.54 
8 = By — 0.81 5{Hb] (18) 


The qualitative significance of Equation 18 is clear: In hemo- 
globin solutions 8 (7.e. the slopes of the log yo — 4/T lines) should 


TABLE III. 
Dielectric Coefficient of Hemoglobin Derivatives. 


| 6 


— 


decrease from By = 0.54, the theoretical value in water. Further, 
the plot 8 against [Hb] should give a straight line and if 6 varies 
in different derivatives the 6-Hb lines should be different. This 
agrees exactly with our experimental results given in Fig. 13 of 
the previous paper and Equation 5; v7z., 3 = 89 — o [Hb]. 

From Equations 5 and 18 


= 1.236 (19) 


The characteristic experimental constant ¢ appears on the basis 
of the theory to be the characteristic constant 0.81 6 giving the 
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specific effect of each hemoglobin derivative on the dielectric 
constant of water. 

From the observed values of o in the previous paper, we have 
calculated 6 for the various pigments (Table III). For [Hb] = 
15 mo per liter, the calculated dielectric constants at 38° are: 


To test these calculations we need data on the dielectric con- 
stants of hemoglobin solutions directly determined. Complete 
data of this character are not at hand. Firth (1923) determined 
directly by the method of Drude (1897) the dielectric constant 
of some half dozen biological protein-containing fluids and found 
that only whole blood, dried red blood cells, and serum gave higher 
dielectric constants than water. In view of the difficulty of the 
direct determination of dielectric constants of conducting solutions, 
we can only regard this evidence as suggestive. It is well to 
emphasize that if hemoglobin decreases the dielectric constant, as 
do most non-electrolytes, 8 must increase. Experimentally we 
have found the contrary to be the case. This, together with the 
fact that 8 decreases proportionately to the hemoglobin concen- 
tration (Icquation 5), gives support to our assumption and we 
tentatively conclude that the decrease of 8 in hemoglobin solutions 
is due to the increase of the dielectric constant. The hemoglobin 
derivatives are divisible roughly into two groups according as 
6is > or < 0.017. The dielectric constants of solutions of the 
same concentrations should be different. We have no independent 
evidence on this point. 

Calculation of Log yx.—Let 


F, = free energy of HCO;7~ ion in the ideal state; 7.e. in water [Hb] = 0, 
cHco; = 0,T = 0. 
F = freeenergy at hemoglobin = [Hb], cpco,- = 0, T = 0. 
The change of free energy in the transfer is given by Debye and 
McdAulay (1925) as 
N é 
2D b 
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Differentiating with respect to nyco,- and D and integrating be- 
tween the limits nyco,- = 0 to 1 and D = Dy, to D,, we get as the 
change in free energy in the transfer of 1 gm.-ion 


N 2 D D; 
AF, = RT Inv, = (20) 
048 


N = Avogadro’s number = 6.07 X 107. 
e = elementary electronic charge = 4.77 X 107, E.s.U. 


D, = dielectric constant of the solution. 
b = ionic radius of HCO;. 
Rk = gas constant. 
T = absolute temperature. 
nHuco; = No. of HCO;7 ions per unit volume. 


From Equations 21 and 18 we get 


Ne 6{Hb] N 6[Hb] 21) 
2bDo 1+ 6|Hb] 2bDo 


F, = RT lny, = 


by expansion of (1 +6{Hb])~! neglecting higher powers of 6{Hb]. 
Substituting numerical constants (in calories), noting that Do,.. = 
72.5, we obtain, in calories per equivalent 

2.29 10°5 


AF, = RT In y, = — 5{Hb] (22) 


from which 


1.06 10-8 
logy = (23) 


The qualitative significance of Equation 23 is clear. Log yx 
(or pK,) plotted against [Hb] should give a straight line having a 
value of log yx = 0 (or pKx = pK;) at [Hb] = 0 with decreasing val- 
ues of log yx (or pKX,) as [Hb] increases. The slopes of these lines 


= (1.6 X 1075 *) should vary with the value of 6; z.e., with the 


nature of the hemoglobin derivative. These are precisely the 
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results observed as shown in Fig. 12 of the previous paper and 
I°quation 7 of this paper; 7.e., 


log y, = — pe[Hb] 

From Equations 23 and 7 
Nes _ 16 X 10-8 6 
2X23 Do RT b b 


The characteristic constant p appears to be equal to the ratio of 
two constants: 6, characteristic of the hemoglobin, and 3), char- 
acteristic of the bicarbonate ion, multiplied by a factor which 
includes universal constants and Do, characteristic of the solvent. 


TABLE IV. 
Ionic Diameter of HCO,. 
Solution. p b X 108 cm. 


Calculation of the Ionic Radius of the Bicarbonate Ion.—Debye 
and McAulay assumed in deriving Equation 20, that the electric 
charge of an ion is distributed over the surface of a sphere of 
radius b, which for simplicity they considered equal to a, the 
radius of the collision sphere. Similar to a it should have molecu- 


lar dimensions. From Equation 24 


~8 
1.6 X 10°86 (25) 
p 


b 


Using the 6 values calculated from the slopes of the plx;’ lines 
and the p values from the previous paper calculated from log Y«, 
we get the value for b given in Table IV. Considering the 
number of simplifying assumptions made, the agreement of values 
with each other and with the magnitude of ionic diameters in 
general as measured by totally independent methods is good. 
Restatement of Log y31c0,- in General Terms.-—Equations 1 to 8 
give in terms of £, p, 0, Tr, and [Hb] the variations of pl; and 
log Yyco,- from the experimental data of the preceding paper. It 
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is now possible to restate these relations in terms of 6, [Hb], 0b, T, 
and universal constants. 


log YyCoz = 10 yo + log vs (26) 
log ve = — Be (2 — (27) 
Ne o{Hb] — X 10-8 28) 

pK, = 6.33 + log YHCO, (29) 


b=2X10-8em. The values of 6 are given in Table III. 


DISCUSSION. 


The demonstration of marked and specific effects of different 
hemoglobin pigments upon the pK’ of carbonic acid rests upon 
purely experimental grounds and reveals an interesting and 
unsuspected buffer mechanism in the acid-base equilibrium of the 
blood. The theoretical explanation of this effect by the Debye- 
Hiickel theory, while simple and plausible, rests upon an almost 
wholly unsupported assumption which can only be tested experi- 
mentally by determinations of the dielectric constants of highly 
conducting solutions. Obviously, while the explanation is 
satisfactory, it must be accepted at present as a possible but not 
exclusive one. 


SUMMARY AND CONCLUSIONS. 


1. The Debye-Hiickel theory is discussed with special reference 
to its application to concentrated solutions of hemoglobin. 

2. Theoretical and experimental reasons are given to support 
the assumption that the colloidal hemoglobin ion has an ionic 
strength valence of 1. 

3. The relations of the ionic collision sphere of HCO;, the di- 
electric constant of NaHCO;-NaCl solutions, the hydration of 
hemoglobin, and the possible existence of Xyco, to the activity 
coefficient of the HCO 3 ion are outlined. 

4. It is shown theoretically that yyjco,-, the activity coefficient 
of the bicarbonate ion in hemoglobin solutions, may be divided 
into two activity coefficients, ys and Yo. 

5. yx measures the effect of hemoglobin on the HCO; ion. 
It is theoretically a function of the dielectric constant of the 
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hemoglobin solution, whereas yo measures the effect of salt on the 
HCO; ion. J:quations were derived giving yx and yo as functions 
of two constants; viz., b, characteristic of the HCO; ion, is its 
ionic diameter, and 6, characteristic of hemoglobin, gives the 
effect of the hemoglobin on the dielectric constant of water. 

6. The values of 6 and 6 calculated from the observed pk,’ 
of carbonic acid are consistent with measurements by independent 
methods. Hemoglobin, contrary to most non-electrolytes, ap- 
pears to increase the dielectric constant of water. 

7. On the basis of the theory it is possible to calculate in terms 
of universal constants and the characteristic constants b and 64, 
the activity coefficients of HCO; ion (and hence pK’) in solutions 
with Hb varying from 0 to 20 mo per liter and salt from 0 to 0.5 
mM per liter. The activity coefficients so calculated agree within 
the limits of experimental error with the observed. The equations 
for the calculations are 


log vo = log y, + log vo 
x 10-8 afb] 
93x%2bD,RT b 


log yo = — Bo (1 — 3 d{Hb]) Vr 


From these equations pK; = 6.33 + log yo. 6b = 2 x 10° 
em. The 6 values are given in Table III. On the basis of 6 the 
hemoglobin derivatives are divided into two groups. (1) reduced 
hemoglobin, methemoglobin, and cyanhemoglobin; (2) carbon 
monoxide hemoglobin and nitric oxide hemoglobin. The first 
group should increase the dielectric constant of water more than 
the second. 


We wish to take this opportunity to thank the H. K. Mulford 
Company of Philadelphia, who generously supplied us with large 
amounts of horse blood for the preparation of the crystalline 
hemoglobin used in these experiments. 
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Explanation of Symbols. 


activities of molecules or ions; distance of nearest 
approach. 

activity coefficients of the bicarbonate ion; Equations 
4and 5, Paper IV. 


= concentrations mo per liter. 


concentrations mo per kilo of H,O. 

kilos of H.O per liter. 

partial pressures of H2, COs:, elc. 

solubility coefficients of CO, in water and in a given 
solution. 

electromotive force. 

liquid junction potential. 

1 faraday. 

free energy. 

E.M.F. of reference cell; Equation 3, Paper III. 

ionic strength; Equation 10, Paper V. 

valence. 

dissociation constants of H.CO;; Equations 3 and 4, 
Paper IV. 

constants; I’quations 37 and 38, Paper IV. 

constants; Equations 9, 18, and 21, Paper V. 

constants; Equation l4a, Paper 1V, and Equation 9, 
Paper V. 

dielectric constants of water and a given solution. 

elementary electronic charge. 

Avogadro's number or gm. equivalents. 

hemoglobin in general. 

reduced hemoglobin. 

carbon monoxide hemoglobin. 

methemoglobin. 

evanhemoglobin. 

nitric oxide hemoglobin. 

natural logarithm. 

10 base logarithm. 

gas constant. 


= absolute temperature. 
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to 0. 

THERMAL CONDUCTIVITY—Transmits heat at a much 
aster rate. 

MELTING POINT OF BODY—A pproximately 3200°F. or 
about that of Platinywrn. 

MELTING POINI OF GLAZE—200°C. higher than on best 
chemical procelain. 

UNIFORMITY OF PRODUCT—Due to precisely controlled 
processing in the most modern ceramic plant in America. 
HOMOGENEITY OF COMPOSITION—Due to chemical 
equilibrium and absence of free quartz. 

LACK OF POROSITY —-Totally impervious to gases at a tem- 
perature «f melting iron. 

INERT NESS—Greater resistance to chemical 


reagents. 


OT a new product} but available for the first time in 
laboratory shapes 
Made by the Champion Porcelain Company of Detroit, makers 
of the well know Champion spark plugs and SILLIMANITE 
pyrometer protecting tubes. 
Complete information will soon be ready for distribution. 
Write for copy of Bulletin No. 110-K. 


Centra, Screnturre Company 
LABORATORY SUPPLIES 


Apparat us Chemicals 
460 E.Ohio a Chicag ro) USA 


*SILLIMANITE is a native mineral with the composition AlxOz SiOz. 

t See Journal of the American Ceramic Society, Vol. 2, No. 10, for October 1919, page 804. 

$ See Journal of the American Ceramic Society, Vol. 1, No. 9, for September 1918, page 624; 
Vol. 2, No. 7, for July 1919, pages 564-575; and Vol. 8, No. 7, for July 1925, pages 407-429. 


(In writing to advertisers, please mention the journal—it helps.) 


4 
2 
4 “ 
4 
x 
~ 
* 
a 
? 
“a 
vy 
4 
‘ 
i 
EY 
~ 
? 
3 
Be 
q 
‘ng 
aw 
>; 
; 
4 
Pt 
oa 
% 
. 
64 
+4 


2 THE JOURNAL OF BIOLOGICAL CHEMISTRY 


A New Quinhydrone Hydrogen Ion Apparatus 


After W. J. Youden, Ph.D., of the Simplicity of Operation 
Boyce-Thompson Institute 


No technical knowledge or skill is necessary. Will 
unknown solution in reference tube, adjust the rheosty 
to cause the galvanometer to read zero. The voltmete 
reading is noted and the pH for this voltmeter reading; 
found in a table supplied. 


Special Features of Superiority 


Rapid Manipulation. 30 to 40 determinatio 
more than twice as rapid as any other el 
method. 


Low Cost. The use of electrodes permits 
using a mil'ivoltmeter of 300 mv. range. 

Sensitivity, Eo. valent to .03 pH—as high as is pee 
Sary In practical work, and considerably greater js. 
tivity than the most precise colorimetric methods. 
Portabilit.. All are light in weight. Field sot 
carrying case. 

Sin plicit). Compcnent parts are simple, durable 
cor veniert. 

0. 27) Youden Hydrogen fon Concentration 
Apparatus, Compiete with niillivoltmeter, galvan- 
No. 5270 om-ter, rheostats, special quinhydrone electrodes, and 
chemica!s and sup phes necessary for operation $85.00. 


ns per h 
ectro-mety 


(Patent Pending) 


Low Cost and High Precision 
Simple and Rapid Manipulation 


A portahic im cairying case with handle is also supplied. | 
Write for prices - 


Pacific Coast Distributors: 


Quaurty BRAUN-KNECHT-HEIMAN-COMPAN 
CA Sign of Quality Of Mark of Service 56-584 Mission Street 
San Francisco, Calif. 


W.M. Welch comarca Company BRAUN CORPORATION 


Menufecturers, Luporters VW, 17. S.A. / 
1516 Orleans Street Scientific Apparatus end School 363 New Hitch Street 
Los Angeles, Calif. 


A Compilation and Systematization of Our Present Knowledge 


Physiology and Biochemistry of Bacterid| - 


VOLUME I rN 
wit 
sU 

By Dean R. E. BucHANAN and Exuis I. FULMER No 

of Iowa State College : 

A new volume considering ‘the growth phases, composition, and_ biophysi No 
chemistry of bacteria and their environment; and energetics. 


Brings ‘together in a ‘convenient handbook ‘a large body of material hither | y, 
widely scattered and not previously systematized, for the bene At of ithe bacter 
ologist, physiologist, physiological chemist, biochemist, and many others WOT 
ing with the physiology of microorganisms, particularly of the bacteria, yeast , 
and molds. 


Cloth, 6x9, 493 pages, 76 illustrations, extensive bibliography, indec. 


Price $7.50 


THE WILLIAMS & WILKINS COMPANY 
BALTIMORE, U. S. A. a 
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Measuring Pipettes Serological Pipettes Ostwald-Folin 


Pipettes 7 
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5mi 
No. 3146 No. 3147 No. 4059 


EMPIRE PIPETTES are manufactured by us according to the specifications of the best authorities, and supplied 
with our name and trade mark. Each article is manufactured within a specifie limit of error, and all material is 
SUBJECT TO OUR GUARANTEE. 

No. 3146 Mohrs Pipettes 


1/10 2/10 1 2 5 10 25 
1/100 1/10 1/10 1/10 1/10 1/10 1/10 
= 3147 Serological Pipettes graduated to extreme tip— same prices as ain e 
© discount on all of above, in cartons of 12; discount of 20% in cartons of 100. 

No. 4059 Ostwald Folin Pipettes graduated to deliv er; made according to newest dimensions and aaa 


pags on above in cartons of 12; discount of 25% in cartons of 100. 
No. 4 47K— Kahn Serological Pipettes; capacity 0.2 ml, graduation interval 0.001 ml, graduated to tip—(See 
10% discount on above in cartons of 12; discount of 20° in cartons of 100 
No. 3145/1 Bacteriological Pipette, according to new edition of Standard Methods of Milk Analysis, as accepted 
at Buffalo meeting of American Public Health Association and adopted by N. Y. State Agricultural Experi- 
20% discount on above in cartons of 150. 


EMPIRE LABORATORY SUPPLY CO. 


Incorporated 


549 West 132nd Street, New York 


SPECIAL SERVICE DEPARTMENT 
Questions answered promptly and without cost concerning all Laboratory Apparatus problems on Bio- 
Chemistry, Bacteriology, Immunology, Pathology, Histological Technique and Clinical Pathology, by men prom- 
inent in these fields, w hom we have retained as consultants. 
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CHRISTIAN BECKER 


MICRO-CHEMICAL BALANCE 


IN OUR STOCK FOR IMMEDIATE SHIPMENT 


1888 


MICRO-CHEMICAL BALANCE, Christian Becker No. 300. A new 
American Micro Balance of simple and rugged construction and of proved 
dependability. 


Capacity, 25 grams, with a sensitivity of 0.001 mg. With beam of a special 
hard rolled aluminum alloy, graduated from left to right in 100 notched 
divisions with a range from 0 to 10 milligrams. Each notch corresponds to 
1/10th milligram. Pointer swings ten full divisions on index for each 1/10th 


nulligram on beam. Each division, therefore, represents 0.01 mg. Each of | 


these divisions is subdivided to 0.005 mg. With the special reading lens, 
reading of the pointer to 0.001 mg is possible. 


1888. Micro-Chemical Balance, Christian Becker No. 300, as above described, with 
reading lens and three 5 mg riders, but without weights................. $300.00 


ARTHUR H. THOMAS COMPANY 


RETAIL—WHOLESALE—EXPORT 


LABORATORY APPARATUS AND REAGENTS 


WEST WASHINGTON SQUARE PHILADELPHIA, U. S. A. 


CABLE ADDRESS, “*BALANCE,’’ PHILADELPHIA | 
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THE NATURE OF THE MATERIAL IN LIVER EFFECTIVE 
IN PERNICIOUS ANEMIA. II.* 


By EDWIN J. COHN, GEORGE R. MINOT, GORDON A. ALLES, 
anD WILLIAM T. SALTER. 


CORRECTIONS. 


On page 515, Vol. Ixxvi, No. 2, February, 1928, Table II, fifth entry, 
last three columns, read —40,600, 95,900, 14,700 for —37,800, 93,100, 
17,500 respectively. 

On page 519, line 18 read 

—2.90° X 100 


2 ° 
[a], _ 1 x 5.00 = — 58.0 
for 
= = —82.0 
| 1X 2.00 , 


® ents not involved in producing the prompt acceleration of blood 
, Ia formation (4). In the absence of any hypothesis regarding the 


| *The expenses of this investigation have been met in part by grants 
| from the De Lamar Research Fund of the Harvard Medical School, and in 
part from the Farnsworth Fund. 
| tIt is a pleasure to acknowledge the cooperation of Dr. William P. 
Murphy, of the Peter Bent Brigham Hospital, of Dr. James H. Means and 
Dr. Wyman Richardson of the Massachusetts General Hospital, of Dr. 
William B. Castle of the Thorndike Memorial Laboratory of the Boston 
City Hospital, and of Dr. Herman A. Lawson and Dr. Franklin R. Miller 
of the Collis P. Huntington Memorial Hospital of Harvard University. 
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THE NATURE OF THE MATERIAL IN LIVER EFFECTIVE 
IN PERNICIOUS ANEMIA. II.* 


By EDWIN J. COHN, GEORGE R. MINOT, GORDON A. ALLES, 
AND WILLIAM T. SALTER. 


(From the Department of Physical Chemistry in the Laboratories of Physi- 
ology, Harvard Medical School, and the Medical Services of the Collis P. 
Huntington Memorial Hospital of Harvard University, the Peter 
Bent Brigham Hospital, and the Massachusetts General Hospital, 
Boston.) 


(Received for publication, January 23, 1928.) 


INTRODUCTION. 


Advances in practice, resting upon observation and experience, 
often precede exact knowledge of the underlying reactions and 
mechanisms of natural phenomena. Such an advance was the 
demonstration by Minot and Murphy (12-14) that the feeding 
of large amounts of liver is followed by an increase of concentra- 
tion of red cells in the blood in cases of pernicious anemia. ‘This 
discovery raises the question of the nature of the substance, or sub- 
stances, which are thus effective, as well as that of the character 
of the disturbed physiological processes which are modified by the 
addition of liver or kidney to the diet. 

Accordingly the chemical dissection of the liver has been under- 
taken as a means of eliminating, one by one, those of its constitu- 
ents not involved in producing the prompt acceleration of blood 
formation (4). In the absence of any hypothesis regarding the 


*The expenses of this investigation have been met in part by grants 
from the De Lamar Research Fund of the Harvard Medical School, and in 
part from the Farnsworth Fund. 

tIt is a pleasure to acknowledge the cooperation of Dr. William P. 
Murphy, of the Peter Bent Brigham Hospital, of Dr. James H. Means and 
Dr. Wyman Richardson of the Massachusetts General Hospital, of Dr. 
William B. Castle of the Thorndike Memorial Laboratory of the Boston 
City Hospital, and of Dr. Herman A. Lawson and Dr. Franklin R. Miller 
of the Collis P. Huntington Memorial Hospital of Harvard University. 
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nature of the active principle the empirical procedure, now to be 
described, was resorted to. The decision was made always to 
divide the liver into the smallest possible number of fractions, to 
discover which one of these fractions was most active, and to 
continue by subdividing the active fraction. 

The facts that were relied upon to indicate whether or not the 
active constituent, or constituents, of the liver had been extracted, 
were furnished by clinical observations. Particularly important 
is the observation that the feeding of adequate amounts of liver 
to patients with pernicious anemia in relapse is regularly followed 
by a prompt and marked rise in the concentration of red blood 
cells, for the most part distinguished by their reticulation (15). 
Although our preparations had to be fed to patients with per- 
nicious anemia in order to determine whether or not they were 
effective, the results were rarely ambiguous, and proved to be 
of a semiquantitative nature. This was due, in part, to the 
experience previously gained by Minot and Murphy while treating 
pernicious anemia with whole liver. ‘These earlier observations 
on the increasing concentration of red blood cells in blood, to- 
gether with those made while feeding the extracts, lend themselves 
to quantitative formulation, since the reactions initiated by the 
active principle take place in a very large number of cells. Many 
processes not yet entirely understood are involved; they occur 
within the human body, and they are occasionally modified by 
the state of the patient and by complications of the disease. Thus 
a certain variability is introduced into the results. The body must 
ke considered the environment in which the reactions with which 
we are concerned take place. ‘These reactions result in the rapid 
and prompt formation of several hundred thousand red blood cells 
per c.mm. of blood, following the ingestion of a small amount 
of material. Although the mass of the material is small, it 
contains, of course, a large number of molecules of the active 
substance. Because of the large numbers of cells and molecules 
involved there is reason to believe that the results may be success- 
fully subjected to statistical treatment. 


Erythrocyte and Reticulocyte Response. 


In recording the response of the patient’s red blood corpuscles 
in quantitative terms the following algebraic symbols have been 
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employed. The concentration of red blood corpuscles, or erythro- 
cytes, has been designated by the symbol F, expressed as millions 
perc.mm. J» represents the number of red blood corpuscles per 
c.mm. in the capillary blood of a patient before the administration 
of a fraction of liver. This figure was obtained from a series of 
observations. The difference, (710 —£o), thus represents the net 
increase in the number of red blood corpuscles per c.mm. in the 
capillary blood during the first 10 days of feeding. 

The percentage of erythrocytes that are reticulated corpuscles 
is designated r. The concentration of reticulocytes present in 
the blood on any day is given by the product Fr. In so far as there 
has been no destruction of red blood cells, no change in the distribu- 
tion of body fluids, no maturation of reticulocytes to adult red 
blood cells, and no entrance into the circulation of non-reticulated 
erythrocytes, it must follow that: 


Er = (E Eo) (1) 


In the records of the cases presented, and in their graphical repre- 
sentation, both the quantities Er and (/ — F£) are often given. 
Within the first few days after feeding of the extract the quan- 
tity (¢ — Eo) frequently became negative, indicating either an 
increase in volume of the fluid at the point of removal or a 
destruction of red blood cells. This period rarely exceeded 
the first 4 or 5 days following the feeding of a potent fraction. 
Thereafter both (F — £,) and Fr increased. The amount of 
the increase in total erythrocytes continued at a comparable 
rate, but the number of reticulocytes diminished. Apparently 
maturation of the reticulocytes that first appeared had begun 
in the blood, and most of the newly formed erythrocytes had 
had time to mature beyond the réticulated stage before their 
extrusion from the bone marrow. The largest number of retic- 
ulocytes appeared in the blood in from 5 to 10 days, depending 
in part upon the potency of the extract. Within a subsequent 
5 to 10 day period the reticulocytes had generally decreased to 
a low level in the blood stream. It would appear to be a fair 
deduction from these observations that the reticulocytes in the 
blood did not lose the reticular material, upon which their vital 
staining depends, for from 5 to 10 days. The rate at which retic- 
ulocytes lose the material that identifies them may however be a 
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function of the concentration in the blood of the active principle 
effective in pernicious anemia. 

The algebraic notation adopted in this paper had not been 
devised when these observations were begun. Accordingly the 
importance of daily measurements, not only of the percentage 
of reticulocytes, 7, but also of the concentration of erythrocytes, 
E, was not understood. The percentage of reticulocytes is, how- 
ever, as elsewhere demonstrated (11, 14), largely a function of 
the level of the red blood cell count. The number of reticulocytes 
is more nearly independent of the red blood cell concentration, 
revealing the potency of the extract, although this quantity still 
shows a definite variation with the red blood cell level, and a lesser 
variation between cases with the same erythrocyte concentration. 
The clinical experience derived from the feeding of liver extract is 
discussed in another paper (11). 

The erythrocyte level has occasionally been estimated on days 
when it was not measured, by graphical interpolation, in order to 
permit the calculation of the number of reticulocytes, Hr. The 
error in estimating the percentage of reticulocytes is usually not 
greater than 3 per cent, whereas the error in counting the number 
of red blood cells is frequently as great as 150,000 per c.mm. or 
more. The number of erythrocytes formed within the first few 
days generally ranges from 300,000 to 500,000 per c. mm., whereas 
the percentage of reticulocytes may increase from a fraction of 1 
per cent to 50 per cent, or more. It follows that a slight error 
in the estimation of / by interpolation will introduce no great 
error in the product Fr. 

Another method may be suggested for estimating the erythro- 
cyte concentration, within the first few days, from the reticulocyte 
concentration. Provided the only source of the increase in eryth- 
rocytes is through the formation of reticulocytes, it follows from 
equation (1) that: 


E=£,+ Er (2) 


Transposing, we have the relation: 


Eo 


(3) 
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and 
Er = gona? (4) 
Combining equations (1) and (4) we obtain: 
Eo r ~ 


These conditions can only be expected to obtain provided there has 
been no significant destruction of red blood cells, nor change in 
their concentration as a result of redistribution of body fluids. 
In fact not only must these conditions obtain, but during the 
length of time that these three equations yield identical results 
there can have been no appreciable change of the reticulocytes to 
adult cells in the blood, nor delivery of adult forms from the 
bone marrow. In the majority of cases these quantities have not 
been identical, but their relations to each other are none the less 
significant. 

Accurate information as to whether an extract was effective was 
usually revealed by the reticulocyte count within a week. Infor- 
mation of comparable accuracy could not have been gleaned from 
the erythrocyte count in less than from 2 to 3 weeks. 

The change in the concentration of reticulocytes and of erythro- 
cytes in the blood of patients with pernicious anemia that were 
fed various fractions of beef or pig liver may now be considered. 
These responses revealed something of the nature of the disturbed 
reactions in the blood in pernicious anemia, whereas the chemical 
fractionation yielded information regarding the specific substances 
which initiated the responses. 


Chemical Fractionation. 


Insoluble Residue (A).—The first fractionation of the liver was 
attempted in collaboration with Dr. John F. Fulton. It was 
decided as a beginning to isolate the characteristic copious casein- 
like liver protein. This protein is soluble in alkaline solution, but 
insoluble in the neighborhood of pH 5. Accordingly fresh minced 
beef liver was rendered alkaline by the addition of sodium hydrox- 
ide. Since Bradley (3) has shown that the liver enzymes are rela- 
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tively inactive at pH 9, enough alkali was added to bring the 
tissue to this reaction, as it seemed wise to effect a separation under 
such conditions that the liver would be as little altered as possible 
during the procedure. The soluble extractives were then sep- 
arated from the insoluble residues. These fractions and those 
subsequently prepared have for convenience been designated by 
letters essentially in the order in which they were attempted. 
Their relation to each other is represented in the accompanying 
diagram. ‘The procedures represented are not equally useful. 
Some are now rarely used, and all have not so far been employed 
in any one preparation. 

The residues (A) were subsequently fed, together with the acid- 
precipitable proteins (B), to a patient with pernicious anemia, with- 
out measurably influencing blood formation. The fraction desig- 
nated (A) was thus shown not to contain any significant amount of 
the active principle. Besides connective tissue this residue contains 
such insoluble proteins, fats, and carbohydrates as are present in 
liver. 

Characteristic Liver Protein (B).—The characteristic soluble 
liver protein represents the most abundant constituent of the 
filtrate. The liver protein that dissolved with the soluble extrac- 
tives at pH 9 was next precipitated in the neighborhood of its 
isoelectric point. This was at first accomplished by adjusting the 
reaction nearly to pH 5 by hydrochloric acid, and at a later date 
by sulfuric acid. The copious flocculent precipitate that separates 
under these conditions may be removed by sedimentation, centri- 
fugation, or filtration from the other soluble extractives. All three 
methods have been employed at one time or another. The protein 
precipitate was always repeatedly washed. In one preparation it 
was further purified by redissolving with alkali and reprecipitating 
with acid. 

This protein, fraction (B), was fed to Patient 1 for 13 days, 
with negative results. A few days later when he was given 200 
gm. of raw liver pulp daily he responded in the customary manner 
with a prompt increase in the concentration of reticulocytes and 
of erythrocytes. 7 

Since the active principle was in neither fraction, (A) or (B), 
it was later decided to eliminate the preliminary alkaline extraction. 
In subsequent preparations the minced liver was immediately 
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Raw minced liver 
brought to pH 9 


T 
Insoluble residues (A) : Water-soluble extractives 
brought to yy 5 
| 
\cid-precipitable proteins (B) :Water-soluble extractives 
heated to 70° 
Heat-coagulable proteins (C) Water-soluble extractives (D) 
extracted with ether 
Ether-soluble extractives (I) Water-soluble extractives 
precipitated with alcohol 
Aleohol-soluble extractives (F) Water-soluble extractives (G) 
dialyzed 
| 
Dialyzed extractives (H) Dialysate (I) 
treated with silicic acid gel 
| 
Extractives adsorbed by silica gel (J) Filtrate (Ix) 
extracted with n-butyl alcohol 
| 
Residues of n-butyl alcohol extraction (M) Eextractives (L) 
precipitated with basie lead acetate 
lead-precipitable extractives (N) | Filtrate (O) : 
precipitated with phosphotungstic acid 
| 
Filtrate from phosphotungstates (Q) Precipitate (P) 
phosphotungstates treated} with 90 
per cent acetone 
Acetone-soluble phosphotungstates (5) Acetone-insoluble phosphotungstates 
R) 


brought to the apparent isoelectric point of the liver protein by 
means of acid, and the water-soluble substances repeatedly 
extracted from the copious precipitate consisting of certain 
proteins, carbohydrates, and lipoids of the liver. Approximately 
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40 cc. of normal acid sufficed to bring 1 kilo of minced liver to the 
desired reaction. ‘The resulting precipitate was repeatedly washed 
by sedimentation and centrifugation. This process was carried 
out in the cold with the result that hydrolysis of carbohydrates 
and proteins was inhibited. In one case the precipitate, (A + B), 
after five successive extractions with 3 volumes of water, was fed 
toa patient. The benefit resulting to the patient and the increase 
of reticulocytes were so slight as to indicate that practically 
complete extraction of the active principle from the liver was 
possible. In practice it has not always been expedient to extract 
so completely. 

Although the results with the liver protein (B) and with the 
combined precipitates (A + B) were negative, they indicated 
that large portions of the constituents of liver are inert, and that 
the active principle was soluble in water. 

Heat-Coagulable Proteins (C).—The extractives soluble at 
slightly acid reactions still contain protein which coagulates upon 
being heated to from 60~-70°. These proteins appear to be 
derived in large part from the blood contained in the liver, rather 
than from the tissue itself, and represent the albumins and 
globulins of the blood, together with any similar constituents of 
the liver. Accordingly their study was postponed until after that 
of the essentially protein-free filtrate obtained from the coagulum. 

Water-Soluble Extractives (D).—The non-protein extractives 
dissolved in the filtrate from (C) had reached so large a volume 
that concentration was resorted to. The wash waters of the 
second preparation were therefore concentrated on a water bath. 
A part of the material was rendered insoluble during this process, 
but as much as dissolved was fed to a patient. The record of this 
case is in part presented in Table I. Feeding of this extract was 
promptly followed by increase of the reticulocyte concentration, 
though to a smaller extent than when a maximal amount of potent 
material is given. A second and much larger reticulocyte response 
followed the daily feeding of liver pulp, clearly indicating that the 
extract had been weak. 

This first response, though incomplete, led to the belief that the 
active principle had been extracted, but had been largely destroyed 
during the prolonged concentration at high temperature. Accord- 
ingly a vacuum still was constructed and employed in concentrat- 
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ing the water-soluble extractives of Preparations IV to XVII. 
The temperature was maintained at 60°, since it had been shown 
that this temperature did not rapidly destroy the active principle. 
The resulting concentrate (D) has been prepared as a solution, as 
a viscous syrup containing but 25 per cent of water, and as a 
dry powder. It was fed to Patients 3, 4, and 5, with the results 
recorded in Table II. 


TABLE I. 
Patient 2. 
Concentra- Concentra- 
Daysupon | Designation | cffrection | cytes. | | tion of retio 
actin (r) (E) (Er) 

0 2.1 1.24 0.026 
1 II D 9.45 3.0 1.41 0.042 
2 9.45 1.9 1.28 0.024 
3 9.45 1.0 1.10 0.011 
4 9.45 1.0 1.29 0.013 
5 9.45 0.3 1.40 0.004 
6 9.45 1.5 1.14 0.017 
7 9.45 2.9 - 1.37 0.040 
8 9.45 5.6 1.28 0.072 
9 9.45 10.1 1.38 0.139 
10 9.45 16.0 0.221 
11 18.90 7.2 1.38 0.099 
12 18.90 3.1 1.47 0.046 
13 18.90 6.6 0.091 
14 18.90 2.1 1.23 0.026 
15 18.90 2.8 1.32 0.037 

16 


* Patient given 200 gm. of raw liver pulp. 


Each of these three patients received each day the extract from 
approximately 400 gm. of liver. The laboratory had not yet 
been adequately equipped for the preparation of extract, and 
accordingly but an uncertain amount of a weak extract was fed to 
the first of the three patients (Patient 3) who received extract (D}, 
from the time when Preparation III D was finished until Prepara- 
tion IVD was ready. This irregularity in the administration of 
the extract is reflected in the reticulocyte response, and graphically 
represented in Fig. 1. After taking a potent extract for 4 days, 
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TABLE II. 


Concen- | tration of | tration of |in tame. 
Days upon| Designation Amount Retioule- erythro- 
| of traction. cytes. cytes. | measured.|estimated.| ¢ytes, 
(r) (E) (Er) ) (E — Ey) 
Patient 3. 
0 2.9 1.83 0.046 | 0.047 
1 III D 8.10 1.1 0.020 
2 8.10 1.6 1.88 0.030 | 0.030 0.05 
3 8.10 2.0 0.037 
4 8.10 0.8 (2.33)*| 0.019 | 0.015 
IV D 1.0 0.023 0.018 
6 T 1.5 0.035 | 0.028 
7 T 4.2 0.103 | 0.080 
8 15.72 5.6 (2.47) 0.138 | 0.109 
9 15.72 4.9 0.121 0.094 
10 15.72 5.6 0.134 | 0.109 
11 15.72 9.0 0.207 | 0.181 
12 15.72 12.4 2.20 0.273 | 0.259 0.37 
13 15.72 11.6 0.267 
14 15.72 7.8 0.187 
15 15.72 6.5 0.163 
16 VD 16.54 6.7 0.174 
18 16.54 1.3 2.88 0.037 1.05 
20 16.54 2.1 2.95 0.062 1.12 
22 16.54 0.5 0.015 
23 VID 11.86 
24 11.86 2.98 1.15 
295 11.86 
26 11.86 0.1 3.06 0.003 1.23 
30 VII D 19.42 1.0 3.40 0.034 1.57 
33 19.42 3.50 1.67 
38 VIII D 14.06 3.89 2.06 
40 14.06 3.80 1.97 
Patient 4. 
0) 0.7 2.75 0.019 | 0.019 
1 III D 10.8 0.3 2.68 0.008 | 0.008 | —0.07 
2 10. 0.7 0.019 
3 13.5 0.8 (2.93) 0.023 | 0.022 
4 IV D t 2.2 0.062 
5) t 1.3 2.74 0.036 | 0.036 | —0.01 
6 t 2.9 2.88 0.084 | 0.082 0.13 
7 t 5.4 0.156 | 0.156 
8 15.72 . 7.6 2.87 0.218 | 0.226 0.12 
9 15.72 8.3 0.238 | 0.249 
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TABLE II—Concluded. 


Concen- | Concen- | Change 


Concen- | tration of | tration of | in concen- 
tration of | reticul ticulo- | tration of 
erythro- | Teticulo- | reticulo- | tration o 
Days upon Designation Reticulo- cytes cytes erythro- 


fraction. | of fraction. aga cytes. cytes. estimated.| cytes. 


Eor 
(r) (E) | (Er) (2 (E — Eo) 


Patient 4.—Continued. 


10 12.58 4.5 2.99 0.135 | 0.130 0.24 
11 12.58 4.3 0.131 | 0.124 

12 12.58 2.3 0.072 | 0.065 

13 § 4.2 0.137 

14 VD 16.54 3.5 3.54 0.124 0.79 
16 16.54 1.6 3.69 0.059 0.94 
18 16.54 0.7 3.53 0.025 0.78 
21 § 0.8 (3.04) | 0.024 
22 VID 11.86 (3.20) 
23 11.86 0.8 
24 11.86 3.84 1.09 
26 11.86 0.3 (3.53) | 0.011 
29 VII D 19.42 0.1 4.31 0.004 1.56 
31 19.42 0.2 4.28 0.009 1.53 
36 | 4.48 1.73 

Patient 5. 

0 0.9 1.58 0.014 | 0.014 

1 IV D 15.72 1.7 0.027 | 0.027 

2 15.72 0.8 1.58 0.013 | 0.013 

3 23.58 1.9 0.030 |} 0.031 

4 23.58 1.5 1.59 0.024 | 0.024 0.01 
5 23.58 3.0 0.048 | 0.049 

6 23.58 5.0 0.080 | 0.083 

7 15.72 11.0 0.169 | 0.195 

8 VD 24.81 13.8 1.54 0.213 | 0.253 | —0.04 
24.81 14.0 0.257 

10 24.81 9.9 

11 24.81 9.5 2.48 0.236 0.90 
12 16.54 8.9 0.231 

13 8.27 3.9 0.105 

14 q 6.2 0.174 

15 4.2 2.93 0.123 1.35 


* Erythrocyte counts that were not used in the calculation of (H—£o) 


are printed in parentheses. 
+ An uncertain amount was given for 3 days of the first part of Prepara- 


tion IV D. 


t Patient given 200 cc. per day of first part of Preparation IV D. 
§ None administered. 
|| Patient given 180 gm. of raw liver pulp. 
{ Patient given 240 gm. of raw liver pulp. 
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and at a time when the reticulocytes were increasing in the 
peripheral blood, this patient received a weak extract for 3 days, 
The reticulocytes continued to increase in number for approxi- 
mately 4 more days, but the response then lapsed until 2 days 
after the administration of the new and more potent extract, 
Preparation IVD. ‘Thereafter the number of reticulocytes 
further increased until the peak of their rise was reached on the 
12th day after the extract was first given. At that time there were 
273,000 reticulated red blood cells in each c.mm. of blood. After 
the 13th day their number progressively diminished, and after 
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DAYS 
Fic. 1. Change in the reticulocyte concentration, Zr, of Patient 3 upon 
varying amounts of fraction (D). 


another period of about 8 days returned to normal. By this 
time newly formed erythrocytes, without reticulum, had begun 
to appear in the blood, which contained 1 million more red blood 
cells per c.mm. than at the beginning of feeding. The net increase 
in the total number of erythrocytes (F — EZ) of Patient 3, and of 
certain others, is graphically represented in Fig. 3. In Patient 3 
after 40 days the red blood cell concentration had been increased 
by nearly 2 million per c.mm. That is to say, the number of 
corpuscles had more than doubled, and during this time the hemo- 
globin percentage had nearly doubled. 

The next two patients (Nos. 4 and 5) who received the (D) 
type of extract responded slightly more rapidly than the first. 
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Although their red blood cell counts differed by approximately 1 
million cells per c.mm. before and during the first days of feeding, 
the absolute numbers of reticulocytes at the peak of their rise were 
almost identical. Each had in his blood approximately 240,000 
reticulocytes per c.mm. by the 9th day. Thereafter the number 
of these cells in the peripheral blood diminished, though more 
rapidly in one case than in the other. Patient 4 received for 36 
days the successive extracts of the (D) type that were prepared. 
At the end of this time the number of red blood cells had increased 
1.73 millions per c.mm. and had become almost normal (Fig. 3). 
The other patient (No. 5), with a much lower red blood cell count, 
was fed the fraction for only 13 days, and the red blood cell count 


TABLE III. 
Solubility of Fraction.(D) in Organic Solvents. 
Per cent of Per cent of 
fraction fraction 
Solvents in order employed. <a Solvents in order employed. a 

— 
Ether. 1.4 Ether. 1.0 
Acetone. 6.2 Acetone. 7.9 
Ethyl alcohol. 33.6 Ethyl alcohol. 34.4 
n-Butyl alcohol. 30.9 Glacial acetic acid. 30.1 
Pyridine. 0.8 Pyridine. 1.3 
Total extracted. 72.9 Total extracted. 74.7 


had increased by over 1 million cells per c.mm. ‘The feeding of 
the fraction was then discontinued for lack of material, but the 
erythrocytes continued to rise to normal upon whole liver. 

These results indicated that the active principle of the liver, 
effective in pernicious anemia, had been extracted and was con- 
tained in fraction (D). Of the solids in this crude extract approx- 
imately 20 per cent were inorganic substances, recoverable after 
ashing the material. From 5 to 8 per cent consisted of nitrogen, 
present neither as protein nor as ammonia. 

During the time when patients were being fed fraction (D), 
experiments intended to suggest a method of further purifying the 
extract were in progress. ‘To this end the solubility of fraction 
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(D) was studied in a large number of organic solvents. ‘The results 
of two such experiments! are recorded in Table ITI. 

Ether-Soluble Extractives (E).—The extraction of the liver with 
water left the largest part of the lecithin and other lipoids undis- 
solved in fraction (A). But from 1 to 3 per cent of the different 
preparations of fraction (ID) was ether-soluble. None the less it 
seemed desirable to test one patient upon a fraction from which 
all the ether-soluble material had been extracted. ‘The reticulo- 
cyte response of this patient although smaller than that obtained 
with the (D) type of extract, was, nevertheless, definite. The ac- 
tive principle effective in pernicious anemia appeared to be no 
more of a lipoidal than of a protein nature. 

Alcohol-Soluble Extractives (F).—Approximately 7 per cent of 
the solids in fraction (D) were found to be soluble in acetone 
(Table III). Over 30 per cent dissolved in ethyl alcohol. More- 
over the material dissolved by acetone was also soluble in ethyl 
alcohol. Accordingly fraction (D) was further purified by the 
elimination of the alcohol-soluble extractives (F).2. This was 
first accomplished by pouring a concentrated aqueous solution of 
extract (D) into such an amount of absolute alcohol as to render 
the final alcohol concentration approximately 95 per cent by 
volume. The alcohol was maintained in violent agitation by a 
mechanical stirrer while the extract was slowly added. As a 
result the precipitate that appeared when the syrup was poured into 
the absolute alcohol was finely divided. After some time had 
elapsed the stirring was stopped and the precipitate removed 
by sedimentation and filtration. The precipitate was washed 
with a small volume of alcohol and the wash waters added to the 
filtrate (F) containing the alcohol-soluble extractives. 

The concentrated alcoholic extract (F) has both a sharp taste 
and odor. It contains certain of the nitrogenous bases in the liver, 
but of those that are alcohol-soluble, such as choline and hista- 
mine, all are probably not extracted by this fractionation (2). 
Certain carbohydrates also dissolve and are removed in fraction 
(F). 


1 These experiments were conducted by Mrs. F. C. Sargent. 

2 The liver fraction fed to patients with pellagra by Voegtlin (20) was 
alcohol-soluble and was extracted directly from the dried liver by this 
solvent. 
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Fraction (F) was fed to one patient without producing bene- 
ficial results. At the same time the alcohol-precipitable material 
(G) was fed to a patient who responded characteristically with 
an increased concentration of reticulated red blood cells. 

Alcohol-Preciitable Extractives (G).—The precipitate that 
appeared when fraction (D) was poured into sufficient alcohol to 
render the final concentration 95 per cent by volume, contained 
the active principle. In continuing the preparation this precipi- 
tate was generally not completely dissolved. Instead the type 
of fractionation employed by Osborne and Wakeman (17) in the 
concentration of water-soluble vitamin, was attempted. It was 
found that most, if not all, of the chemical substance effective in 
pernicious anemia was dissolved if sufficient water was added to 
the precipitate to render the concentration of alcohol 70 per cent. 
A large amount of inert material remained undissolved in this 
alcohol mixture, and thus a_ substantial concentration was 
achieved. ‘The precipitate was repeatedly washed with 70 per 
cent aleohol to remove occluded material, and the washings were 
added to the solution containing the active principle. 

Although fraction (G) was first suecessfully prepared in this 
manner, it was later found convenient to reverse the procedure, 
in order to obtain a dry powder as the final product. In the more 
recent preparations only enough alcoho! was added to fraction 
(D) to render the alcoholic concentration 70 per cent. The result- 
ing precipitate was repeatedly washed with 70 per cent alcohol 
and the combined filtrates concentrated in vacuo. This con- 
centrate was then poured, in the manner previously described, 
into sufficient absolute alcohol to render the final concentration 
at least 95 per cent by volume. The resulting precipitate was 
collected upon a Buchner funnel, washed with 95 per cent alcohol, 
then with absolute alcohol, and finally with anhydrous ether. 
The precipitate, which proved to be very hygroscopic, was 
continuously covered with alcohol or ether until it had been 
transferred to a desiccator. 

Fraction (G) appeared to be at least as effective as (D), or as 
whole liver, in the treatment of pernicious anemia (Table IV). 
The first patient (Patient 8) to whom fraction (G) was fed 
responded with a very prompt and marked increase of retic- 
ulocytes. This individual was given extract derived from ap- 
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TABLE IV. 


Concen- | ,Concen-_| Concen- | Change 
tration of | *?@tion of | tration of | in concen- 
Days upon! Designation Reticulo- | erythro- ulo- 
fraction. | of fraction. given. cytes. cytes. | 
Eor 
(r) (Er) (E — Ey) 
Patient 8. 
cm. | percent |,milliona | millions | millions | millions 
0 0.4 1.45 0.006 | 0.006 
1 VIIG 9.79 0.2 0.003 
2 9.79 0.4 0.006 
3 9.79 0.031 
4 9.79 1.6 1.44 0.023 0.024 ' —0.01 
+) 9.79 4.6 0.070 
6 3.92 6.0 0.093 
7 VIII G, 5.72 11.7 1.65 0.193 0.192 0.20 
8 9.72 13.2 0.221 
9 9.16 10.5 0.170 
10 9.16 17.9 1.81 0.324 | 0.316 0.36 
11 9.16 15.9 
12 VIII G, 9.06 16.4 
13 9.06 14.8 2.00 0.296 0.55 
14 9.06 13.6 
15 9.06 11.7 
16 9.06 7.1 
17 9.06 4.5 2.19 0.099 0.74 
18 9.06 2.8 
20 XG 7.60 2.5 2.46 0). 062 1.01 
24 7.60 1.3 2.47 0.032 1.02 
27 XIG 13.90 0.4 2.74 0.011 1.29 
31 “5 0.2 2.83 0.006 1.38 
Patient 10. 
0 0.1 | 0.55 | 0.001 0.001 
1 VIII G; 9.16 0.8 0.62 0.005 0.004 0.07 
2 9.16 0.8 0.004 
3 9.16 6.6 0.48 0.032 0.039 | —0.07 
“4 VIII 14.48 23.2 0.166 
3D 14.48 41.4 0.68 0.282 | 0.389 0.13 
6 14.48 30.0 0.236 
7 14.48 35.8 0.307 
8 14.48 14.3 1.50 0.215 0.95 
10 7.24 9.6 1.61 0.155 1.06 
ll XG 7.60 
12 7.60 4.6 1.80 0.083 1.25 
15 7.60 1.0 2.21 0.022 1.66 
17 7.60 3.0 
18 XIG 13.90 2.40 1.85 
19 13.90 1.8 
22 “ 0.4 2.94 0.012 2.39 


* Patient given raw liver pulp. 
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CHANGSE in ERYTHROCYTE AND RETICULOCYTE CONCENTRATION: MILLIONS PER CU MM 


70 
A DAYS 

Fic. 2. Change in the reticulocyte concentration, Zr, andin the erythro- 
cyte concentration (KF — Eo) of Patients 8 and 10 upon different amounts 
of fraction (G). The errors in determining reticulocyte concentration are 
far smaller and smaller solid symbols are therefore employed in designat- 
ing this quantity, whereas large hollow symbols are employed in designat- 
ing the erythrocyte concentration. 
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proximately the same amount of liver as the patients given 
fraction (D), and the rates of reticulocyte, and of erythrocyte, 
increase under the two treatments were almost identical. In this 
patient given fraction (G) the concentration of reticulocytes per 
c.mm. of blood, Er, was slightly greater at the peak of the rise 
than in the patients given fraction (D), but the red blood cell level 
before feeding (Zo) was lower (11, 15). The net increase in 
erythrocytes, (FE — F ), is compared in Fig. 3 with the results 
obtained with fraction (D). The concentration of red blood cells 
in the peripheral blood increased by 1 million per c. mm. in the 
first 20 days in this case. 

The erythrocyte increase during the first 10 days appears to 
have been due entirely to the formation of reticulocytes (Fig. 2). 
These results thus appear to conform to the ideal conditions 
expressed by equations (1) and (5). 

The second patient (Patient 10) to receive fraction (G) had only 
about 0.5 million red blood cells per c.mm. and was in a comatose 
condition when the material was first administered. Accordingly 
it was decided to feed larger amounts of the extract (G) than had 
been given to the first case. The more rapid reticulocyte response 
that resulted (Fig. 2), depended in part upon the larger amount 
fed, but in part, also, upon the lower erythrocyte level. Within 
7 days 300,000 reticulocytes per c.mm. were in the blood, and by 
the Sth day the concentration of erythrocytes had more than 
doubled. By the 15th day the net increase in erythrocytes was 
1.66 and by the 22nd day, 2.4 million per c.mm. Since then 
similar results have been regularly obtained when this amount of 
the fraction has been given (Fig. 3). 

Although fraction (G) has been prepared free of iron, of proteins, 
and of lipoids, and although it was considered satisfactory from a 
therapeutic standpoint, it was still a relatively crude extract 
judged either from the chemical or from the physiological stand- 
point. The larger molecules had for the most part been removed, 
but the ash still represented nearly 20 per cent of the solids. 
Evidence, though inconclusive, suggested that the molecule of the 
active principle is of dialyzable size. After electrodialysis the 
fraction retained between parchment membranes, designated (H), 
proved inactive when fed to a patient. Another patient had an 
unexpectedly weak reticulocyte response when fed extract after 


0. 


Cohn, Minot, Alles, and Salter 343 


20 


G 
CHANGE In ERYTHROCYTE CONCENTRATION :MILLIONS PER CU MM 


OS 


Aa “3 IO JIS 
DAYS 
Fic. 3. Change in erythrocyte concentration (EH — Eo) of patients given 


different araounts of extract. 
A Patient 3, me = 1.83 fraction (D) derived from about 400 gm. of liver. 


a “= 1.22 Liver Extract No. 343 derived from about 600 gm 


of liver. 
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ultrafiltration through a collodion membrane at a low temperature 
(I). The observation that the substance is effective when given 
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‘Fic. 4. Change in the reticulocyte concentration, Er, and in the eryth- 
rocyte concentration (# — Eo) of Patient 12, Hy = 1.26. 


by mouth, suggested that the dimensions of the molecule are not 
such as to interfere with its absorption. 
Fraction (G) was free of the blood sugar-reducing substances of 
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liver (4, 16), but it still accelerated the denervated heart. Al- 
though free from such anticoagulating effects as might be expected 
were heparin present, it appreciably lowered blood pressure when 
injected intravenously in a cat.? Indeed certain of the methods 
employed in this investigation have not been dissimilar to those 
described for the extraction and purification of blood pressure- 
reducing substances in liver (8, 10). The active principle effective 
in pernicious anemia is for the most part not precipitated, however, 
by the same reagent concentrations. 

From the solubility of the material effective in pernicious anemia 
and that of known vitamins it became evident that the liver 
extract was free of those vitamins that are lipoid-soluble, but that 
it might still contain a water-soluble vitamin. The instability 
and the other properties of vitamir C appeared to exclude its 
consideration. With the possibility in mind that so called 
“vitamin B” might be responsible for the effectiveness of liver 
extract in the treatment of pernicious anemia, the method of 
concentration of vitamin B described by Levene and van der 
Hoeven (9) was attempted. The extract was treated with silicic 
acid gel at pH 5.0. The active principle was not adsorbed by the 
gel (J), but remained in the filtrate, designated (I<), which when 
fed to Patient 12 produced the results graphically represented in 
Fig. 4. The gel however was inactive. 

This kind of negative evidence concerning so called vitamin B 
was not considered satisfactory. Large amounts of different 
sources of the antineuritic and the pellagra-preventive factors 
were therefore fed to three patients with pernicious anemia. The 
first individual was given about 1000 gm. of yeast-cake in 8 days. 
The second received 407 gm. of a dried aqueous yeast extract in 
8 days.‘ In these two patients there occurred in 15 days no 


*We are indebted to Dr. Paul M. Harmon for testing the blood pressure- 
reducing effects of the various extracts. Inthe course of these observations 
acceleration of the denervated heart was observed. 

‘We are indebted to Dr. Joseph Goldberger for supplying us with this 
preparation—a commercial dried aqueous yeast extract. This material 
has been shown by Goldberger, Wheeler, Lillie, and Rogers (6) to be potent 
in but a few gm. a day as a preventive and curative agent in pellagra and 
experimental black tongue of dogs. Thus the pellagra-preventive factor 
appears not to be identical with the material which is effective in pernicious 
anemia, 
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change in their blood or general condition, but they later re- 
sponded, one to liver, and one to liver extract. The third received 
80 gm. of a vitamin extract derived from over 9 kilos of yeast, and 
720 cc. of an extract derived from over 7 kilos of wheat embryo in 
8 days. This patient showed some slight improvement, but not 
such as would be expected with even moderate amounts of liver 
extract. None the less the effects of different sources of the 
factors of so called vitamin B are being further investigated. 

Butyl Alcohol Extractives (L).—Certain of the constituents of 
(G) can be extracted by means of such organic solvents as normal 
butyl alcohol, pyridine, and glacial acetic acid (Table III). The 
attempt was made at this point in the investigation to effect a 
separation by means of normal butyl alcohol. The type of 
Kutscher-Steudel apparatus described by Dakin (5) was employed 
under reduced pressure, and the extractives, (L), freed of the 
butyl alcohol by means of ether, were given to a single patient. 
A slight reticulocyte rise followed, but the experiment could not 
be continued at the time because sufficient extract was not avail- 
able. The results suggested that the active principle had been 
extracted by means of butyl alcohol, though not, perhaps, without 
a certain amount of loss of potency. Because of the inadequate 
facilities available for the preparation of fractions, this process 
was abandoned in favor of those that were beginning to yield more 
striking results. 

Lead-Precipitable Extractives (N).—Slightly more than half the 
constituents of fraction (G) were precipitable by lead. Sufficient 
alkali, either barium hydroxide or sodium hydroxide, depending 
upon whether or not it was desired to keep the salt content of the 
filtrate at a low level, was added to bring fraction (G) to approxi- 
mately pH 8.0. Basic lead acetate was then added until precipita- 
tion was complete. ‘The basic lead acetate yielded a copious pre- 
cipitate which readily separated upon centrifugation or filtration. 
The precipitate, (N), was repeatedly washed with small quantities 
of water and the wash waters added to the centrifugate or filtrate 
(O). Basie lead acetate, a generally useful precipitant, was also 
employed by Best, Dale, Dudley, and Thorpe in their study of 
“The Nature of the Vaso-Dilator Constituents of Certain ‘Tissue 
I’xtracts” (2). 

The precipitate was slightly acidified, and the lead and barium 
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were removed as sulfate and sulfide.6 This fraction (N) was then 
given to a patient with pernicious anemia, without, however, pro- 
ducing any significant reticulocyte response. 

Lead Filtrate (O).—The filtrate from the lead precipitate was 
slightly acidified, generally with sulfuric acid, and the lead 
removed as sulfate and sulfide. The lead-free filtrate (O) was 
concentrated under reduced pressure to the desired volume, and 
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hic. 5. Change in the reticulocyte concentration, Fr, of Patient 16, Fo = 
1.73. 


administered to Patient 16 with the results graphically represented 
in Fig. 5. In the belief that a part of the active material might 
have been lost in the copious precipitates involved in this purifica- 
tion, the extract derived from 1 kilo of liver a day was fed. [ven 
so, but 8.2 gm. of solids were given each day, and within 11 days 
0.5 million reticulated red blood cells per c.mm. of blood were 
present. The diminishing erythrocyte count of the patient prior 


‘We are indebted to Dr. Reid Hunt for testing these, and subsequent 
fractions, for freedom from poisonous substances. 


Ge 

id 

n 

ot 

le 

yf 

1] 

a 

f 

t 


348 Pernicious Anemia. II 


to feeding had by this time been arrested and compensated, 
The reticulocyte response did not begin until the 8th day but itg 


§ 

TABLE V. I 

Analyses of Fractions. ' 

Designation Total pe Total P. | Total N — Protein Non- | 
of fraction. solids. : N. pre 
II D 6.30 | 30.00 5.80 1.62 5.80 


IiI D 5.40 | 29.30] 3.20 | 11.57 2.53 1.40 | 10.17 
IV D 15.72 | 19.62 | 2.10 5.56 0.66 0.34 5.22 
VD 16.54 | 21.56] 3.08 8.48 1.35 1.82 6.66 
VI D 11.86 | 28.10} 3.56 8.44 1.38 1.58 6.86 
VII D 19.42 | 19.10} 2.36 9.65 1. 
VIII D 14.06 | 16.74 | 2.17 7.98 1.27 1.62 6.36 


VIIG 19.59 | 20.50 | 2.97 8.96 1.14 0.90 8.06 
VIIIG 11.45 | 20.27); 3.50 9.54 1.56 1.04 8.50 
IX G 6.94 | 16.00} 3.20 | 11.60 1.23 2.20 9.40 
XG 38.00 | 20.79 | 1.70 8.05 1.13 0.66 7.39 
XIG 55.60 | 20.78 | 2.27 9.51 0.97 0.87 8.64 
XII G 37.62 | 22 33} 1.64 8.78 1.09 0.47 8.31 
XVII G Solid. | 15.51 | 3.17 | 10.05 1.15 0.00 | 10.05 
‘XIII O 6.58 | 29.45} 0.72 | 10.84 1.25 0.00 | 10.84 
XIV O 22.03 | 27.06; 1.00 8.51 1.31 0.00 8.51 
XV O 39.86 | 39.05 | 1.81 8.40 1.00 0.00 8.40 


magnitude at the peak was very great. After a fortnight the 
patient was given raw liver pulp owing to lack of a sufficient 
supply of extract.® 


6 At about this time Eli Lilly and Company of Indianapolis began to 
manufacture an extract for the Committee on Pernicious Anemia of the 
Harvard Medical School. As prepared at present this very satisfactory 
Liver Extract No. 343 is essentially the same as fraction (G), modified 
however to facilitate manufacture, in part in accordance with a suggestion 
for which we are indebted to Drs. Best and Scott of the Connaught Labora- 
tories of the University of Toronto. The present extract, though more : 
copious than (G) and richer in carbohydrates, is as satisfactory, thera- 
peutically. Prepared from Liver Extract No. 3438, fraction (O) is, however, 
not free of carbohydrates. 
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The preparation fed to this patient was free of carbohydrates, 
as judged by the Molisch test. All three classes of substances, 
proteins, fats, and carbohydrates, had thus been eliminated 
without loss of the active principle effective in pernicious anemia. 
Moreover many organic acids form lead salts and would have 
passed into fraction (N). There remained chiefly neutral or pre- 


TABLE VI. 
Analyses of Fractions, Calculated upon Ash-Free Basis. 


| | Totaly. | Tota. | | 

II D 4.41 8.28 2.31 0.00 8.28 
III D 3.82 4.52 16.36 3.59 1.98 14.38 
IV D 12.64 2.61 6.92 0.83 0.43 6.49 
VD 12.98 3.93 10.80 1.72 2.31 8.49 
VID 8.53 4.95 11.73 1.92 2.19 9.54 
VII D 15.71 2.91 11.92 1.50 1.49 10.43 
VIII D 11.70 2.61 9.59 1.52 1.95 7.64 
VIIG 15.58 3.73 11.26 1.43 1.13 10.13 
VIIIG 9.13 4.38 11.95 1.95 1.30 10.65 
IX G 5.83 3.81 13.81 1.46 2.62 11.19 
XG 30.10 2.14 10.15 1.42 0.83 9.32 
XIG 44.05 2.86 12.00 1.23 1.09 10.91 
XII G 28.84 2.14 11.45 1.42 0.61 10.84 
XVII G Solid. 3.75 11.89 1.35 0.00 11.89 
XIII O 4.64 1.02 15.36 1.76 0.00 15.36 
XIV O 16.07 1.37 11.66 79 0.00 11.66 
XV O 24.30 2.97 13.78 1.64 0.00 13.78 


dominantly basic molecules, and in large part, the inorganic 
constituents of the liver that had passed into fraction (G). 

The analyses of the first fifteen preparations are recorded in 
Table V.7 If it be assumed that the active principle is not 
inorganic in nature, these can be recalculated on an ash-free basis. 
This has been done and the results appear in Table VI. Whereas 


"These analyses were made by Mr. H. F. Ulrichs and have previously 
been reported in part (4). 
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the purer fractions contained less phosphorus, they were richer in 
nitrogen. The nitrogen content of Preparation XIITO, calculated 
on an ash-free basis, was 15.36 per cent, of which 1.76 per cent was 
recovered as ammonia nitrogen. The inference that was tenta- 
tively drawn from these results was that the active principle is 
either a nitrogenous base or a polypeptide. 

Phosphotungstate Precipitate (P).— Nitrogenous bases and 
certain polypetides are precipitated by phosphotungstic acid. 
The former substances are far more soluble than the latter in 
acetone-water mixtures (1). Sulfuric acid was accordingly 
added to fraction (O) until it contained 5 per cent by weight, and 
phosphotungstic acid until precipitation was complete. The 
precipitate was then repeatedly extracted with 90 per cent acetone, 
and the acetone-insoluble (R) and soluble (S) phosphotungstates 
separately regenerated. This was accomplished by adding to 
each preparation enough 20 per cent barium hydroxide to give a 
pH of from 8.5 to 9.0 and by filtering off the insoluble barium 
sulfate and phosphotungstate. Excess barium was then removed 
by sulfuric acid, or according to a later procedure by a mixture 
of sulfuric acid and sodium sulfate. 

Both the acetone-soluble and insoluble phosphotungstates, 
(P = R + 8), were given to Patient 18. Unfortunately this 
individual proved to have a very unusual case. She failed to 
respond by a distinct increased production of reticulocytes after 
being given this extract, and later did not promptly improve when 
given whole liver (15). She responded slowly to the feeding of 
whole liver, however, with an increasing erythrocyte count, which 
finally reached over 5 million per c.mm. 

Another patient was subsequently given this fraction, but it 
was prepared from a manufactured extract during the period 
when manufactured extract was not yet satisfactory. None the 
less the patient responded promptly by an increased, though 
relatively small number of reticulocytes. This preparation had 
been further fractionated by precipitating the picrates before the 
phosphotungstates. After being separately regenerated these 
fractions were given to the same patient (No. 41). The response 
in this instance, together with the negative results previously 
obtained with the phosphotungstate filtrate (Q), suggested that 
the active principle was precipitable by phosphotungstic acid. 
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This was made more certain by a communication to us at the 
time.® 

Phosphotungstate Filtrate (Q).—The filtrate (Q) (separated from 
the phosphotungstate precipitate fed to Patient 18) was regener- 


04-3 
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FRACTION 
PATIENT 50-62 GMS DALY O 
OF “ 3C oO 
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DAYS 
Fic. 6. Change in the reticulocyte concentration, Fr, of Patient 50, Eo = 
1.86, and of Patient 55, #5 = 1.22. 


ated and given to another patient (No. 22). The results were 
entirely negative, suggesting that the active principle had been 
precipitated by phosphotungstic acid. This patient subsequently 
responded promptly to the feeding of potent liver extract. 
Acetone-Soluble Phosphotungstates (S).—Of the substances that 


8 It is a pleasure to acknowledge the cooperation of Dr. Randolph West 
of the Presbyterian Hospital, New York. Following the announcement of 
Minot and Murphy, West attempted the fractionation of liver, and inde- 
pendently obtained an extract which contained the active principle (21). 
The Committee on Pernicious Anemia of the Harvard Medical School has 
provided him with the extract being manufactured for them by Eli Lilly 
and Company, so that he might the more easily continue his studies. At 
about the time that the reticulocytes of Patient 41 were responding weakly 
to the separately regenerated, but combined phosphotungstates, Dr. West 
informed us that a case of his had responded by the production of reticu- 
locytes to the unfractionated phosphotungstates (P) made from a lead 
acetate filtrate (O) which he had prepared following our procedure. 
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are precipitated by phosphotungstic acid, the phosphotungstates 
of the nitrogenous bases are more soluble in acetone-water mixtures 
than are the phosphotungstates of the polypeptides (1). That 
part of the precipitated phosphotungstates which dissolved 
readily in 90 per cent acetone-water mixtures has been regener- 
ated separately in our experiments. The solution containing the 
regenerated acetone-soluble phosphotungstates derived from 27 
kilos of liver contained 55.9 gm. of solids. Of this Preparation 
XXXY §, 6.2 gm. were given daily to Patient 50. The reticulo- 
cyte response was so great as to indicate that this fraction was a 
concentrated source of the active principle (Fig. 6). 

In studying Preparation XXXV § it was noted that a precipitate 
appeared in acid solution. Accordingly another preparation, 
No. XL 8, was made and the acid-precipitable material removed 
from it before it was given to a patient. The extract from 120 
kilos of liver was employed in this preparation and yielded 191.2 
gm. of regenerated acetone-soluble phosphotungstates, from which 
the acid-precipitable material had been removed. The extract 
derived from 2 kilos of liver containing 3.2 gm. of solids was given 
to Patient 55 daily. The reticulocyte response clearly indicated 
that the acetone-soluble phosphotungstates contained the active 
principle. 

Acetone-Insoluble Phosphotungstates (R).—-After regenerating 
the acetone-insoluble phosphotungstates (R) it was noticed that 
a precipitate appeared at acid reactions. This precipitate ap- 
peared to reach its maximum in the neighborhood of pH 1.5 or 2, 
where it was readily flocculated. It was much more soluble at 
high than at low temperatures, and more soluble in salt solution 
than in distilled water. In Preparation XXXV, fraction (R) was 
concentrated and brought to pH 2 at a low temperature. The 
resulting precipitate was removed by centrifugation and filtration, 
washed with 0.1 N acetic acid, and redissolved by means of sodium 
hydroxide to a neutral reaction. The yield from 54 kilos of liver 
was 6.6 gm. 

The acid-precipitable material appeared to be similar in fractions 
(R) and (S). The conditions affecting the separation and the 
regeneration of Preparation XL were therefore altered as we have 
seen so that the acid-precipitable material would pass largely 
into fraction (R). Hydrochloric acid was used as the precipitant 


WE 
pr 

in 
ar. 

fo 
tie 
tie 
re 

g 

d 
re 

a 

p 
p 


Cohn, Minot, Alles, and Salter 353 


and as the wash water of the acid-precipitable material, which 
was dried by means of alcohol and ether. The yield of this acid- 
precipitable material from 120 kilos of liver was 59 gm. in this 
instance. 

1.2 gm. of the acid-precipitable material in fraction (R) of Prep- 
aration X X XV, were given daily to Patient 53 for 5 days. There 
followed a slight reticulocyte response. On the 6th day no extract 
was available, but starting on the 7th day 2 gm. of the same frac- 
tion of Preparation XL, were given daily for 5 days. An addi- 
tional reticulocyte response followed (Fig. 7). The patient thus 
received 16 gm. of fraction (R) in 11 days, or approximately 1.5 
gm. per day. The experiment indicated that the amount fed per 
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Fic. 7. Change in the reticulocyte concentration, Fr, of Patient 53, Fo = 
1.01. 


day was less than enough to produce the maximum reticulocyte 
response, but that this fraction contained the active principle. 
Although fraction (O) had been high in nitrogen, the acid- 
precipitable material in fraction (R) contained but 7.11 per cent of 
nitrogen. Moreover it contained 1.10 per cent of phosphorus 
and 62 per cent ash. Since no acid-precipitable material could 
be observed in (OQ), it appeared probable that a small amount of 
phosphotungstic acid had not been removed as a barium salt at 
the alkalinity and in the volumes employed in regenerating these 
preparations. This hypothesis was rendered the more probable 
since the ratio of phosphorus to ash suggested the ratio of phos- 
phorus to tungstic oxide in phosphotungstic acid. The condi- 
tions which prevented the complete precipitation of the phos- 


if 
4 
ax 
4) 
% 
3 
‘ 
* 
v4 
b 
‘4 
> 
“al 
£23 
| 
rh 
4 
< 
4.4 
Le 
iy 
> 
as 


354 Pernicious Anemia. II 


photungstic acid as a barium salt are being investigated, as well 
as the precise conditions for the precipitation of the active prin- 
ciple by phosphotungstic acid. 

Calculated on an ash-free basis, the nitrogen content of the 
acid precipitate in Preparation XL, fraction (R), was 18.7 per 
cent. This precipitate may thus be considered as consisting of 
phosphotungstates of nitrogenous substances. On this basis but 
0.6 gm. constituted the average amount of nitrogenous substances 
given daily to Patient 53. 

Of the regenerated phosphotungstates in Preparation XL, 
fraction (R), 94 per cent are precipitable by silver, and 92 per 
cent by mercuric acetate at an alkaline reaction. With a product 
as pure as fraction (R) it is hoped that the metal precipitations 
which have been repeatedly attempted upon less pure fractions 
may be more successfully employed. Earlier results are not 
reported in detail because of the losses in activity heretofore 
suffered in effecting these separations and regenerations. It 
may be recorded, however, that the regenerated silver precipitate 
(V) fed to a patient (No. 26) appeared inert, whereas the filtrate 
(W) produced a weak though definite reticulocyte response in 
Patient 23. On the other hand the mercury filtrate (Y) fed to 
Patients 34 and 51 was inactive, as was the material precipitated 
by mercuric sulfate from solution in sulfuric acid, whereas the ma- 
terial precipitated by mercuric acetate (X) from neutral solution 
has been shown to contain the active principle (Patient 65). 

Like certain of the previous preparations, Preparation XL (R) 
was free of carbohydrates. A 1 per cent solution gave no Molisch 
test, no test with Tollens’ reagent, and did not reduce Benedict’s 
solution. It also failed to give the lead-blackening test character- 
istic of reduced sulfur. It gave a strong biuret,’ a strong Millon’s, 
but only a slight xanthoproteic reaction. It gave a strong reaction 
with diazobenzene sulfonate and with Folin’s phenol reagent, 
but not with his uric acid reagent. It gave a faint Adamkiewicz 
reaction and a positive test with dimethylaminobenzaldehyde. 
The a-naphthol-hypochlorite and the diacetyl tests were also 
positive. The absence of certain substances is thus demonstrated, 
but no final deductions will be drawn at this time regarding the 


® Although Dr. West reported (21) that his extract gave no biuret test, 
he has informed us that his subsequent fractions have all given strong 
biuret reactions. 
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nature of the substances present in the purest fractions that have 
thus far been effective in pernicious anemia. 


Effect of the Active Principle upon Immature Red Blood Cells. 


Throughout this investigation the effort has been made to find 
some method of testing for the active principle effective in per- 
nicious anemia that did not involve feeding patients fractions of 
liver. During the period when these fractions were being studied 
Dr. Sabin added certain of our extracts to chick embryo prepa- 
rations and observed what seemed to be an accelerated division 
rate of certain cells.!° She reports: “In a series of 266 early blast- 
oderms mounted in Locke solution, to which had been added chicken 
bouillon as prepared by Lewis and Lewis, no second division of the 
cells of a given blood island was observed in intervals of from 3 
to 6 hours” (19). ‘‘In three successive preparations in which 
extract [Preparation XL R] had been added to the medium a 
second cell division was seen. In two preparations the second 
division was of a blood island and the interval approximated 
three hours; in the third preparation the second division was of an 
endothelial cell, making the wall of the vessel, and the interval 
was approximately one hour. The preparations were fixed just 
as the second cell division was observed and they confirm the 
observation that the blood islands in the two preparations and the 
endothelium in the third were in a cycle of cell division.” “In 
all of these chicks the heart action remained very vigorous 
throughout the experiment, so that there was no sign of any toxic 
substance involved.” ‘This material is interesting inasmuch 
as the blood islands during the stages studied are made up entirely 
of the megaloblast.’”? Megaloblasts and similar primitive cells 
crowd the bone marrow in pernicious anemia in relapse. Peabody 
concluded (18) from direct observations upon the bone marrow 
of pernicious anemia that liver feeding reduced the proportion 
of megaloblasts in this tissue. The appearance in the peripheral 
blood of reticulated red blood cells following the treatment of this 
disease by means of the active principle in liver has been inter- 
preted as due to the maturation of these primitive cells (15). 

“It is a pleasure to acknowledge the collaboration of Dr. Florence R. 


Sabin. We are indebted to her for the above report upon her experiments 
with Preparation LX, fraction (R). 
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These observations suggested that the active principle effective 
in pernicious anemia may have an effect in accelerating the 
development of primitive red blood cells. With this in mind small 
amounts of the purest fractions that had been prepared and were 
known to be effective in pernicious anemia were added to a sus- 
pension containing reticulated red blood cells 2n wiéro. Histo- 
logical observations were made by one of us (Minot) upon the 
staining of the reticulated cells by means of brilliant cresyl blue. 
Observations upon metabolism were made for us by Dr. Robert 
Emerson. The results that have been obtained thus far, though 
inconclusive, suggest that the purest fractions thus far prepared 
increase the metabolism and influence the staining of immature 
red blood cells either by reducing the dye or by modifying the 
reticular material.!! Whether or not these phenomena depend 
upon impurities in even these preparations or upon the active 
principle effective in pernicious anemia must await further experi- 
mentation. 

The purest fractions of the liver thus far prepared that contain 
the active principle effective in pernicious anemia have now been 
observed to accelerate one of the first stages in the formation of 
red blood corpuscles, namely the division rate of primitive cells, 
and may modify one of the last stages. These observations have 
so modified the course of this research as to render it desirable at 
this time to report so much of the attempt to isolate the active 
principle as has completely depended upon the feeding of fractions 
of liver to patients with pernicious anemia. This part of the in- 
vestigation suggests that the active principle is a nitrogenous 
base or polypeptide. 

Further studies of the nature of the active principle will depend 
in large part upon observations of the action of this, or of a related 
substance, upon the modification of different types of cells. The 


11 Liver Extract No. 343 has been shown by Dr. West to reduce the dye 
under anaerobic conditions (personal communication). Our purest frac- 
tions exhibit but a very slight reducing action on brilliant cresyl blue how- 
ever, or on methylene blue even in the presence of such substances 
as glucose, dihydroxyacetone, formaldehyde, or xanthine. The notion that 
we might be concerned with an oxidizing enzyme led to testing Preparation 
XL, fraction (R) by means of guiaconic acid, phenolphthalin, and pyro- 
gallol in the presence of hydrogen peroxide. No peroxidase action was ob- 
served. 
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relation between the active principle effective in pernicious 
anemia and those substances extracted from liver by Heaton (7), 
that influence the growth of fibroblasts, must be considered. 
These considerations will involve studies of the metabolism and 
the kinetics of the maturation process. Thus we may pass from 
the study of a special problem of clinical medicine to one of general 
biology. 


SUMMARY. 


1. Studies are reported of the nature of the active principle 
effective in pernicious anemia. In these studies fractions of liver 
were fed to patients with this disease. Those fractions were 
considered to contain the active principle that produced an 
increased concentration of reticulocytes and erythrocytes in the 
peripheral blood. 

2. The relations between the reticulocytes and the erythrocytes 
in the blood during the first days of feeding a potent extract have 
been mathematically formulated. 

3. The active principle is soluble in water, insoluble in ether, 
and precipitable by alcohol. 

4. Fractions have been prepared free of iron and of proteins, 
carbohydrates, and lipoids and have proved potent sources of the 
active principle. The active principle is found in the filtrate from 
basic lead acetate and is precipitable by phosphotungstic acid. 

5. A fraction of the phosphotungstates contains the active 
principle. This consists of phosphotungstates of substances 
containing about 19 per cent of nitrogen. The active principle 
must therefore be considered either a nitrogenous base or a 
polypeptide of which but 0.6 gm. a day has sufficed to produce a 
pronounced response of reticulated red blood corpuscles in a 
patient with pernicious anemia. 

6. The growth of immature red blood corpuscles has been 
stimulated by the purest fractions thus far prepared containing 
the active principle effective in pernicious anemia. The special 
methods and problems of clinical medicine are therefore being 
supplemented by those of general biology in the study of this 
constituent of liver. 
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STUDIES ON GLYOXALS. 


By NOBORU ARIYAMA. 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis.) 


(Received for publication, February 10, 1928.) 
I. A Colorimetric Method for Glyoxals. 


The observation that the addition of alkali cyanide to a solution 
of glyoxal or methylglyoxal causes in alkaline solution an imme- 
diate great increase of the reducing intensity—as indicated for 
example by instant reduction of methylene blue or indigo carmine 
—suggested the utilization of this behavior for the quantitative 
determination of glyoxals. After trials of various oxidizing agents, 
the arsenophosphotungstic acid reagent used by Benedict (1) for 
uric acid seemed to be suitable and the optimum conditions were 
sought to secure maximum color, stability, and proportionality. 
The rather notable effect of cyanide in greatly increasing the re- 
ducing power and intensity is not limited to glyoxals, though it is 
exceptionally striking with these substances. The action of 
cyanides in the uric acid determination, as introduced by Benedict, 
and its effect in causing cystine and denatured protein to give 
reactions with nitroprusside (2), have probably a similar expla- 
nation. The mechanism of the action is presumably the forma- 
tion of an unstable addition product like cyanhydrin in character, 
though we have not succeeded so far in securing direct evidence 
that this is the case. The conditions chosen for the determination 
of glyoxals are similar to those in Benedict’s uric acid method, 
and uric acid and possibly other substances will therefore inter- 
fere, if present, in the solution being analyzed. 


1. Reagents. 


1. Benedict’s Uric Acid Reagent.—100 gm. of pure sodium 
tungstate are dissolved in a liter flask in about 600 cc. of water. 
00 gm. of pure arsenic pentoxide, 25 ec. of 85 per cent phosphoric 
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acid, and 20 cc. of concentrated hydrochloric acid are added in 
order. The mixture is boiled gently for 20 minutes, cooled, and 
diluted to the mark. The greenish blue color which may develop 
can be decolorized by boiling with a drop of bromine. 

2. 1 m Sodium Cyanide Solution. 

3. 1 m Sodium Carbonate Solution. 

4. Standard Glyoxal and Methyl Glyoxal Solutions. 

Glyoxal was prepared by de Forcrand’s method (3) of oxidizing 
paraldehyde by nitric acid and distilling the resulting mixture 
in vacuo (purity 94 per cent). Methylglyoxal was prepared from 
dihydroxyacetone according to the method of Fischer and Taube 
(4). Both solutions are standardized by the methods described 
by Friedemann (5). 10 ec. of 0.001 m solution are taken as the 
standard, since this amount gives a suitable depth of color with 
the reagents. 


2. Conditions for Color Development. 


The more important factors proved to be the alkalinity and 
concentrations of arsenophosphotungstic acid, of cyanide, and 
of glyoxals. With NaOH the color developed was inconstant 
and low, due perhaps to too rapid destruction of the glyoxals. 
Alkali carbonate appears to provide suitable alkalinity. With 
10 cc. of 0.001 m glyoxal and 2 cc. of arsenophosphotungstic acid 
reagent, 5 cc. of M Na2CO3 and 1 cc. of mM KCN proved to be opti- 
mum quantities and were adopted as the standard procedure. 
With larger amounts of carbonate a somewhat deeper color was 
obtained after 10 minutes, but the results were less constant. 
Less cyanide gave slightly lower results, while 2 cc. caused a 
precipitation or cloudiness. When the amounts stated are mixed, 
allowed to stand 10 minutes at room temperature, and diluted to 
100 ec., the solution remains clear and the color unchanged for 
at least 2 hours. If the mixture is diluted after 5 minutes the 
color is about 2 per cent less, while if dilution is postponed to 15 
minutes or longer a precipitation occurs. In order to secure 
constant and comparable results it is therefore essential to adhere 
to certain conditions as to amounts of reagents, volume of solution, 
and time of reaction. If the total volume of the reaction mixture 
is less than that stated (18 to 20 cc. for the amounts of reagents 
given) precipitation occurs; if larger, the rate of color development 
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is slower and the results low. Heating the mixture during the 
reaction yields low results. 
The behavior of methylglyoxal toward the reagents is the same 


TABLE I. 
Determination of Varying Amounts of Glyoxal and Methylglyoxal. 
10 cc. of glyoxal solution + 2 cc. of arsenophosphotungstic acid reagent 
+ icc. of MNaCN + 5cc. of mM Na,CO;. After 10 minutes at room tem- 
perature (about 25°), the mixture was diluted to 100 cc. (or to other volume 
as stated). 


Found. 

Amounts of glyoxal ‘ di 

in cc. of 0.001 m. rae Glyoxal, in percent | Methylglyoxal, in 

of: per cent of: 
Total volume of Methyl- A t A t 
reaction mixture kept Glyoxal. pr Standard. Standard. 
mm. mm, 

8 25.3 79 99 

9 22.8 88 98 

9.5 22.0 91 96 
10.0 Standard. 20.0 20.0 
15.0 15.0 15.0 133 89 133 89 
20.0 26.8* 25.8* 149 75 155 77 
30.0 32.27 186 62 


With half quantities of reagents as above stated. Total volume of re- 
action mixture 9 cc.; diluted after 10 minutes to 50 cc. Same standard as 
above. 


5 19.9 20.0 50 100 50 100 
3 31.9 33.6 31 103 30 100 
2 26.8f 26.9f 75 93 74 93 
1 37§ 38§ 81 81 7 79 
0.5 Too 

faint. 


* Diluted 1:1 before reading. 

} Diluted 1:2 before reading. 

t Standard diluted 1:1. 

§ Standard diluted 1:4 and set at 30. 


as that of glyoxal except that the depth of color is only 74 per cent 
of the latter. With methylglyoxal the amount of the reagents 
should be reduced to 80 per cent of that used with glyoxal. 
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There are limitations also as to the amount of glyoxals which 
may be used without loss of proportionality in color produced, as 
shown in Table I. 

The minimum amount of glyoxals determinable under the con- 
ditions used is 1 ee. of 0.001 m solution. 


3. Influence of Nature of Buffer on the Determination of Glyoxals. 


When glyoxals are determined in a buffer solution, attention 
must be paid to the following points. Phosphate buffer causes 
heavy precipitation with the reagents. In cases where the use 


TABLE II. 
Color Development of Various Substances. 
Concentration = 0.0001 o per liter. 


Color development. 

ylglyoxal. 


of phosphate is unavoidable, however, the solution may be cen- 
trifuged and the supernatant liquid used without introducing 
serious error. When 0.1 m citrate-O0.1 N NaOH or 0.05 m borate- 
0.2 m boric acid mixture is used, the amount of NazCO3 must be 
increased to 6 cc. to get the optimum alkalinity for the color 
development. 


4. Removal of Protein from the Fluid Being Tested. 


Among many reagents trichloroacetic acid seemed most suitable 
for the removal of protein from the solutions to be analyzed. The 
use of amounts up to 1 ce. of 10 per cent trichloroacetic acid per 
10 ce. of solution may be allowed for the determination without 
any ill effect. 


x 
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5. Influence of Presence of Various Substances on Color 
Development. 


The following substances were examined for their influence on 
the determination: glucose, fructose, dihydroxyacetone, formal- 
dehyde, acetaldehyde, glyceric aldehyde, glycolaldehyde, lactic 
acid, pyruvic acid, creatine, and creatinine. Some of these sub- 
stances reacted with the reagents but the color was not deep 
enough to be read in the colorimeter tube except in the case of 
dihydroxyacetone which gave about 20 per cent of the color of 
methylglyoxal of the same concentration (Table II). This color 
development of dihydroxyacetone may possibly be due to the 
presence of methylglyoxal in preparations of dihydroxyacetone. 
In our method, 0.86 mg. of uric acid gives the same depth of color 
as (0.72 mg. (10 ec. 0.001 my of methylglyoxal. This amount of 
uric acid may be used as the standard, although the tint of color 
is not quite the same. 


6. Determination. 


A. Glyoxal.—To 10 ec. of glyoxal solution to be tested are 
added, in order, 2 cc. of arsenophosphotungstic acid reagent 
followed by 1 cc. of mM NaCN and 5 ce. of M Na,CO3. After stand- 
ing 10 minutes the mixture is diluted to 100 ec. with water and the 
depth of the color is read against a standard in which 10 ce. of 
0.001 m glyoxal solution and the same amount of the reagents as 
mentioned above are treated in the same way. With this amount 
of the reagents we can determine within about 5 per cent from 0.58 
to 0.87 mg. (= 10 to 15 ce. of 0.001 mM solution) of glyoxal. With 
smaller amounts of glyoxal a precipitate forms unless smaller 
amounts of reagents are used. With one-half the usual amounts of 
reagents quantities of glyoxal down to 0.06 mg. may be determined. 
Beyond this minimum the color has a slight red nuance which 
makes its comparison with the diluted standard impossible. When 
a proper amount of glyoxal (0.6 to 0.15 mg.) is chosen, the error 
does not exceed about 5 per cent. Unless the concentration of 
glyoxal in the solution to be analyzed is approximately known, 
it is necessary to make a preliminary determination for orienta- 
tion. Another portion of the solution is then diluted, or the 
standard glyoxal solution is diluted, so that approximately equal 
amounts in unknown and standard may be taken for the 
determination. 
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B. Methylglyoxal.—To 10 cc. of methylglyoxal solution to be 
tested are added 1.6 cc. of arsenophosphotungstic acid, 0.8 cc. of mu 


Decrease of methylglyoxal, per cent. 


\ 
\ \ METHYLGLYOXAL 
GLYOXAL 
\ 
90 
100 
0 1 2 3 4 5 6 
Hours. 
CHart I. 


NaCN, and 4cc. of mNazCOs3 in succession. The mixture is treated 
in the same way as glyoxal. We take 10 cc. of 0.001 m methyl- 
glyoxal as the standard. 
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II. Influence of Hydrogen Ion Concentration on Glyoxal and 
Methylglyoxal. 


It is well known that glyoxals although stable in acid solution 
rapidly change to corresponding hydroxy acids in the presence 
of alkalies. Shaffer and Friedemann (6) observed that glyoxal 
was converted very rapidly to glycollic acid at pH 12.5 at 25°, 
more slowly at pH 11, and was stable at pH 7.5. It was shown 
by Friedemann (5) that the same relations appear to hold also 
for methylglyoxal. It was desired to obtain more information as 
to the conditions under which this transformation occurs by follow- 
ing its rate by means of the colorimetric method already described. 
10 ce. of 0.01 m glyoxal or methylglyoxal solution were diluted to 
100 cc. with buffer solutions of varying hydrogen ion concentra- 
tions and placed in the thermostat at 37.5°. To determine the 
remaining glyoxal, 10 cc. of this fluid were pipetted out at inter- 
vals, added to the reagents, and read in the colorimeter against 
the standard. As the buffer, Palitzsch’s borate-boric acid mixture 
was used in the experiments at pH 8.2 and NaHCO; (0.5 )- 
NaeCO3(0.5 M) mixture in the other experiments. pH of the 
buffers was determined electrometrically. The results are shown 
in Chart I. 

At pH 8.0 glyoxal was quite stable while methylglyoxal showed 
2.6 per cent decrease after 6 hours. 

When the results at pH 8.5, 9.5, and 10.5 are plotted they 
fall on fairly regular curves which conform to a monomolec- 
ular reaction. The calculated monomolecular velocity constants 
are moderately satisfactory considering the limited accuracy of 
the analytical method. Taking what appear to be representative 
values of K (log e) at each pH we have the relations shown below. 


pH K X 104 (log e) pK (=— log K) pH X pK 
8.5 2.4 3.62 30.8 
9.5 32.2 2.49 23.7 
10.5 177.3 1.75 18.4 


Although the results can be regarded only as approximate, they 
seem to show that, as might be expected, the transformation of 
glyoxal at a given pH proceeds at the rate of a monomolecular 
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reaction and that the rate increases slightly more slowly than the 
hydroxyl ion concentration of the solution. 
With methylglyoxal the same relations appear to hold. 


pHi K X 103 (log e) pk pH X pk 
8.5 1.38 2.86 24.3 
9.5 3.69 2.43 23.1 
10.5 18.42 18.2 


Formation of Lactic Acid from Methylglyoxal. 


With the expectation that the decrease of methylglyoxal would 
be paralleled by the formation of lactic acid the latter substance 
was determined by the Friedemann, Cotonio, and Shaffer method 


TABLE IIL. 
Formation of Lactic Acid from Methylglyoxal at pH 9.0 and 10.4. 


5 ec. of 0.1 Mm methylglyoxal were diluted to 100 cc. with carbonate- 
bicarbonate buffer at 37.5°. 


pH 9.0. pHi 10.5. 
Time. 
Decrease of Increase of Decrease of Increase of 

methylglyoxal. lactic acid. methylglyoxal. lactic acid. 
hrs. per cent per cent per cent per cent 
0.5 5.0 
1.0 6.7 2.6 74.6 7.0 
1.5 81.3 11.0 
3.0 25.5 3.0 
5.0 31.0 5.0 


(7), as formed from methylglyoxal, at pH 9.0 and 10.5. The 
results, given in Table III, are surprising in that the appearance 
of lactic acid falls far behind the amount of methylglyoxal which 
disappeared. 

It was proved that lactic acid formed from methylglyoxal did 
not suffer any serious further change in the conditions of the 
experiment. ‘That the presence of methylglyoxal up to a certain 


amount has no serious influence on the determination of lactic 
acid is shown in Table LV. 
The results show that the presence of 3 cc. of 0.04 m methyl 
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glyoxal (= 8.64 mg.) has no serious influence on the lactic acid 
determination; larger amounts give high results. 

The data of Table III seem to hint at the formation of an 
intermediary substance in the reaction which involves the lactic 
acid formation from methylglyoxal. At lower hydrogen ion 
concentration than pH 12 the alkalinity might not be strong 


TABLE IV. 
Influence of Methylglyoxal on Lactic Acid Determination. 
10 cc. of m/300 zinc lactate (6.0 mg. of lactic acid) + 0.04 m 
methylglyoxal. 


Zine Amount of 0.04 M methylglyoxal. 
lactate 
alone. lee. 2 ce. 3 ce. 4cc. 5 ce. ld ce. 


Lactic acid recovered, mg..| 5.82) 5.93) 5.99 6.09 6.82 7.09 8.12 


in methyl- 

glyoxal (control), mg.... 0.11; 0.16 0.18 0.55 0.73) 1.50 
Lactic acid recovered, 

we 97.0 | 97.0 | 97.1 | 98.5 104.5 106.0 {110.4 


TABLE V. 
Lactic Acid Formation from Supposed Intermediate. 


Methylglyoxal. Lactie acid. 
Time. 
Decrease. | Remaining. | Forpedat | Afterescess | Formed! by 

hrs. per cent per cent per cent per cent per cent 
0.5 7.8 52.2 5.0 51.0 46.0 

1 64.5 39.5 6.0 41.3 35.3 

2 80.0 20.0 10.0 34.3 24.3 

4 93.5 6.5 13.0 24.5 11.5 
52 100.0 0 17.5 20.2 2.7 


enough to convert methylglyoxal so far as lactic acid, a large part 
of methylglyoxal possibly remaining at an intermediary stage. 
If this be the case, lactic acid must be easily formed from the 
intermediate by increasing the alkalinities to pH 12 orso. Based 
upon this expectation the following experiment was carried out. 

10 ce. of 0.1 Mm methylglyoxal were made up to 200 cc. with 
carbonate-bicarbonate buffer solution (pH 10.5) and kept at 37.5°. 
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At suitable intervals small parts (10 cc.) were boiled gently with 
an excess of alkali (10 cc. of n NaOH) to convert the remaining 
methylglyoxal and hypothetical intermediate to lactic acid. 

The results in Table V show that the warming with excess alkali 
converted the remaining methylglyoxal into lactic acid (last 
column, Table V) but that no additional lactic acid was formed 
from that part of the methylglyoxal which had already been 
destroyed at the buffer pH. In other words the product resulting 
from the transformation of methylglyoxal does not give rise 
(with excess alkali) to lactic acid and therefore cannot be regarded 
as an intermediate in the methylglyoxal — lactic acid reaction. 

Assuming that the failure of the lactic acid production from 
some intermediary substance might be due to oxidation of the 


TABLE VI. 
Action of Alkali on Methylglyozal. 

15 cc. of 0.05 m methylglyoxal and 50 cc. of 0.1 Nn NaOH in 150 ce. at 
about 25°. The increase of acidity was calculated with the assumption 
that 1 molecule of a monobasic acid wasformed from 1 molecule of 
methylglyoxal. 


Time. of | Increase of acidity 
min per cent per cent per cent 
5 51.7 50.5 55.17 
10 73.6 63.2 68.96 
92.6 82.5 87.9 
40 100+ 87.5 100+ 


substance by the air during the experiment, the methylglyoxal 
solution in pH 10.5 buffer was aerated with the air at 37.5° and the 
amount of lactic acid formed was compared with that of the 
solution which was covered with mineral oil. A noticeable dif- 
ference in lactic acid production was not observed. 

The supposition, that such a reactive substance as methyl- 
glyoxal might form a stable condensation product in weakly 
alkaline reaction, is perhaps more reasonable than that some chemi- 
cal change might take place in the molecule of methylglyoxal to 
form an unknown derivative not convertible into lactic acid. 

The possibility suggested itself that a synthesis of triose or 
hexose phosphate from methylglyoxal and phosphate might 
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occur at low hydrogen ion concentration, but that this was not 
the case was proved from the fact that no decrease of free phos- 
phate was observed in the mixture of methylglyoxal and disodium 
hydrogen phosphate at pH 10.5. Thus, while the fate of methyl- 
glyoxal at lower hydrogen ion concentration is unknown, the figures 
in Table VI show clearly that at higher alkalinity (pH about 12.5) 
the decrease of methylglyoxal kept pace with the increase of lactic 
acid and acidity, indicating almost a quantitative conversion of 
methylglyoxal to lactic acid. This confirms the results of Friede- 


mann (7). 
III. Action of “Glyoxalase’’ on Glyoxal and Methylglyozxal. 


According to Dakin and Dudley (8) there is, in practically all 
animal tissues except pancreas, an enzyme which converts glyoxals 
to corresponding hydroxy atids. They proposed that it be named 
“slyoxalase.”” At the same time Neuberg (9) found the same 
enzyme in dog liver and muscle and named it ‘‘ketonaldehydmu- 
tase.”’ Foster (10) repeated Dakin and Dudley’s experiment and 
got similar results with the exception that rabbit muscle appeared 
not to contain glyoxalase. Dudley (11) showed the last observa- 
tion to be erroneous by detecting the presence of the enzyme in 
weak alkaline (NazCO3) extract of rabbit muscle. He attributed 
Foster’s observation to inhibition of the action of the enzyme by 
acid produced in the muscle. 

Glyoxalase which was used in the present experiments was pre- 
pared by Dakin and Dudley’s method. To 1 part of finely minced 
fresh animal tissues were added 5 parts of distilled water. After 
an hour’s standing at room temperature with occasional stirring 
the mixture was filtered through paper. This turbid extract was 
used as the source of the enzyme. The filtrates were always kept 
in the cold room at 0-7° until used. As the glyoxalase content 
was richest in liver the author has used mainly rabbit liver extract. 

Animal tissues contain some substance which gives the blue 
color with Benedict’s reagent, in an amount corresponding to 3 to 
4 mg. in terms of methylglyoxal per 100 gm. of tissue. Bearing 
in mind that uric acid gives the reaction, we tried the following 
experiment to determine the nature of the substance. Fresh 
liver and muscle hash were extracted for an hour in the cold room 
with water which had been acidified to prevent the destructive 
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action of glyoxalase on methylglyoxal, if present. The extracts 
were treated with Morris and Macleod’s reagent (12) (ZnCl. and 
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Na2CO;) to remove uric acid from the extract. 
the ZnCOys precipitate did not give the blue color. 
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precipitate dissolved in HCl almost the whole substance was 
recovered, showing the complete removal of the substance with 
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apparently due to the uric acid (or other purines) present in the 


tissues. 


Methylglyoxal, a probable intermediate of carbohydrate 


metabolism, is not present in detectable quantities in such tissue 


extracts. 
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1. Action of Glyoxalase on Methylglyoral. 


To 4 ce. of 0.1 mM methylglyoxal were added 20, 10, and 5 ce. of 
rabbit liver extract (48 hours old). The mixtures were diluted 
to 100 cc. with borate-boric acid mixture of pH about 7.5 and 
incubated at 37.5°. Atintervals, 10 cc. of each fluid were pipetted 
out, added to 4 cc. of 10 per cent trichloroacetic acid and 6 ce. of 
water, and shaken well. After standing 10 minutes the fluid was 
filtered and 5 cc. of the filtrate were examined for the methylglyoxal 
content (Chart IT). 


2. Influence of Hydrogen Ion Concentration upon Glyoxalase 
Activity. 


A. Methylglyoxal.—4 ec. of 0.1 Mm methylglyoxal + 10 ce. of 
liver extract (2 days old) + buffer at 37.5° to 100 cc. 

Buffer.—Citrate-NaOH at pH 5.0, 6.2, 6.8; borate-boriec acid 
at pH 7.5, 8.2. 

A glance at Chart III shows that the optimum hydrogen ion 
concentration for the activity of glyoxalase lies in the neighbor- 
hood of pH 7.0. The values of velocity constants calculated 
from the reactions in the chart approximately satisfy a monomo- 
lecular reaction. The results of calculation are shown below. 


pH K X 10 pK pH X pK 
6.2 15.0 2.82 17.5 
6.8 24.2 2.62 17.8 
7.5 19.6 2.71 20.2 


The buffer capacity of the borate solution used in the experi- 
ments was so low that the change in pH resulting from lactic acid 
formation was quite large; the pH values given represent only the 
initial condition. 

Meyerhof (13) has observed a lower yield of lactic acid from 
old methylglyoxal samples which he ascribed to a slow decomposi- 
tion of the glyoxal into some unknown substance in the course 
of time. As suggested by this observation we have compared 
the action of glyoxalase on a fresh solution prepared by dissolving 
fresh greenish vaporous methylglyoxal in water with the action of 
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the same enzyme on a similar solution some days old. There was 
no difference in the rates of conversion. | 

B. Action of Glyoxalase on Glyoral.—Similar experiments were 
performed with glyoxal under the same conditions as methyl- 
glyoxal with the exception of using 20 hours old liver extract. 
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As shown in Chart IV it is striking that glyoxal is much more 


After 


resistant to the action of the enzyme than is methylglyoxal. 
an hour’s incubation only 18.91 per cent of glyoxal disappeared 
at pH 6.8, while under the same conditions all of the methylglyoxal 
(control) was destroyed. 


3. Influence of Time on Activity of Glyoxalase. 


During these experiments it was often observed that a rather 
rapid weakening of the activity of glyoxalase occurred in the course 
of time. The following experiment is in conflict with Dakin and 


TABLE VIL. 
Influence of Time on Activity of Glyoxalase. 
0.0208 gm. of methylglyoxal + 2 gm. of liver (extract). 


Decrease of methylglyoxal. 
Time of pH 6.2. | pH 6.8. 
incubation 
with Time of incubation of liver alone. 
At At 
After After After 
start After 18 hrs. start After 42 hrs. 

(fresh). 24 hrs. | 48 hrs. (fresh). 66 hrs. 
hrs. per cent per cent per cent per cent per cent per cent per cent 
0.5 100 11.1 4.4 | 100+ 5.7 
1 25.1 13.0 8.4 13.7 12.0 
2 47.0 26.5 | 16.0 32.93 24.4 
4 92.5 56.0 | 34.9 69.2 47.9 
6 100+ 47.4 100+ 68.0) 


The experiments at pH 6.2 indicate about 40 per cent diminution of the 
activity every 24 hours and the experiments at pH 6.8 show about 30 per 
cent weakening. 


Dudley’s description: ‘‘On allowing the tissue extract to stand 
at room temperature, without addition of antiseptics, the activity 
is lost relatively slowly. After forty-eight hours there is not much 
diminution in activity . . ”’ (8). From the liver extract 
(kept in the cold room during the experiment) 10 ec. were pipetted 
out at intervals, added to 4 ec. of 0.1 M methylglyoxal, and diluted 
to 100 ce. with citrate-NaOH buffer (pH 6.8 and 6.2). The 


mixtures were incubated at 37.5° and at intervals examined for 
methylglyoxal content (Table VII). 
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4. Influence of Heating upon Glyoxalase Activity. 


Determination of the effect of heat on glyoxalase resolves itself 
into the determination of the activity of heated enzyme on methy]- 
glyoxal. Heating the enzyme at 60° for 5 minutes causes a con- 
siderable diminution of activity, becoming much more marked at 
80° and 95° (Table VIII). 


TABLE VIII. 
Influence of Heating upon Glyoxalase Activity. Decrease of Methylglyoxal. 
0.0144 gm. of methylglyoxal + heated liver extract ( = 2 gm. of liver) 
of pH 7.0 at 37.5°. 


Liver extract. Time of heating, 5 min. 


it 
poo enn ae Heated at 60°. Heated at 80°. Heated at 95°. 


i Decrease of methylglyoxal. 


hrs. per cent per cent per cent per cent 

1.5 41.1 28.8 3.2 2.9 

3.0 74.7 §1.5 7.0 4.3. 

5.5 87+ 80.1 12.4 7.9 
TABLE IX. 


Formation of Lactic Acid from Methylglyoxal by Glyoxalase. 
0.072 gm. of methylglyoxal + tissue extract (= 2 gm. of liver). 


Time of incubation. Decrease of methylglyoxal. Increase of lactic acid. 
hrs. per cent per cent 
0.5 15.2 11.4 
1.0 32.6 31.9 
1.5 39.4 40.5 
2.5 65.5 63.5 
3.0 83.0 80.8 


5. Formation of Lactic Acid from Methylglyoxal by Glyoxalase. 


To 10 ce. of 0.1 m methylglyoxal were added 10 ce. of the liver 
extract (52 hours old). The mixture was diluted to 100 ee. with 
borate-borie acid mixture of pH 7.5 and incubated at 37.5°. 10 
ee. of the fluid were taken out at intervals, added to 4 cc. of 10 
per cent trichloroacetic acid and 6 cc. of water, shaken well, and 
filtered after 10 minutes. 10 ce. of the filtrate were used for the 
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lactic acid determination and 5 cc. for the methylglyoxal determi- 
nation. The control experiments were made by diluting 10 ce. of 
the extract to 100 cc. with the buffer to see whether there might be 
observed any increase of lactic acid from the liver extract during 
the incubation. 

As shown in Table IX the liver extract converted methylglyoxal 
.quantitatively to lactic acid. The control experiments showed 
no perceptible formation of lactic acid from the liver extract alone. 


6. Formation of Lactic Acid from Methylglyoxal by Muscle. 


The experiments were carried out with hashed muscle under 
the same conditions as those with liver extract. 

Several experiments showed always insufficient formation of 
lactic acid in comparison with the decrease of methylglyoxal. 
The difference was, however, smaller with the decrease of methyl- 
glyoxal or the increase of lactic acid; as given in Table X, after 30 
minutes incubation the formation of lactic acid was 54 per cent of 
the decrease of methylglyoxal, 79 per cent after 90 minutes, and 
93 per cent after 150 minutes. 

Small amounts of lactic acid, produced from muscle in the 
control experiments, were subtracted from the figures obtained in 
the main experiment; the figures in the third column show the 
difference. 


7. Relative Glyoxalase Content of Animal Tissues. 


1 gm. of fresh tissues was ground thoroughly with 3 gm. of clean 
sand and added to 10 ce. of 0.1 Mm methylglyoxal solution (neu- 
tralized). The whole volume was made up to 100 ce. with pH 7.0 
borate-boric acid buffer solution which had been warmed at 37.5”. 
The above operation was performed within 10 minutes after killing 
the animals. After 20 minutes incubation at 37.5° the decrease of 
methylglyoxal was determined and the glyoxalase activity of the 
tissue was calculated from the amount of methylglyoxal thus 
converted. For comparison 1 unit of activity was arbitrarily 
taken as that of 1 gm. of tissue which converts 20 mg. of methyl- 
glyoxal (of the 90 mg. added) in 20 minutes under the conditions 
stated. For example, if after this brief period of incubation 
analysis of the aliquot of the trichloroacetic acid filtrate gave 4 
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total of 80 mg. of methylglyoxal in the 100 cc. of incubated mixture, 
10 mg. had been converted, and the activity is recorded as 0.5. 
The results are subject to considerable accumulated error, but 
show roughly the relative glyoxalase activity. 


TABLE X. 
Formation of Lactic Acid from Methylglyoxal by Muscle. 
0.072 gm. of methylglyoxal + 2 gm. of muscle hash. 


Control. 
D f I f lact 
min, per cent per cent mg. 
0 11.1 
30 17.8 9.6 13.1 
90 84.5 67.0 13.5 
150 91.0- 85.0 13.5 
TABLE XI. 


Relative Glyoxalase Content of Animal Tissues. 


Relative glyoxalase activity.* 

Animal. ment No. 

Liver. | Brain. | Muscle. | Blood. | Kidney.| Spleen. | Lung. 

Rabbit. I 0.8 0.5 0.4 0.3 0.7 0.4 

II 1.2 0.5 0.5 0.4 0.5 0.4 

III 0.9 0.5 0.5 0.2 0.8 0.5 0.6 

White I 1.0 0.5 0.3 0.3 0.3 0.5 

rat. II 0.7 0.4 0.4 0.4 0.4 0.5 

III 0.6 0.3 0.2 0.2 0.2 0.2 0.2 

Dog. I 0.7 0.4 0.6 0.2 0.7 0.3 0.5 


* The relative glyoxalase activity is given here as units, determined ac- 
cording to the procedure described in the text. 


Judging from the results shown in Table XI, the liver is most 
active in each animal, the other tissues containing from one-third 
to two-thirds as much glyoxalase activity as the liver. 

The relative glyoxalase content of fasting animals was also 
examined. In one series of experiments the glyoxalase content of 
the liver and the muscle of rabbits which had been fasted for 7 and 
10 days was measured. In another series the same experiment 
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was performed, rabbits, which had been injected with 0.25 gm. of 
phlorhizin suspended in 2.5 ce. of olive oil every 24 hours for 3 
days, being used. The conditions of the experiment were just the 
same as the previous ones. The results given in Table XII 
indicate that the glyoxalase content of the muscle decreased 
distinctly, while that of the liver remained unchanged. 


8. Influence of Toluene on Activity of Glyoxalase. 


Dakin and Dudley (8) observed a marked inhibitory action of 
toluene on the activity of glyoxalase. They added 2 ce. of toluene 
to 50 ec. of dog liver extract. After 2} or 3 hours incubation, 
0.2 gm. of phenylglyoxal was added and the rotation of mandelic 
acid formed from phenylglyoxal was examined. 


TABLE XII, 
Relative Glyoxalase Activity of Tissues of Fasted and Phlorhizinized Rabbits. 
Glyoxalase activity. * 
Experiment No. 
Liver. Muscle. 
Fasted rabbit. I (fasted 7 days). 0.7 0.14 
Phlorhizinized I 1.0 0.11 
rabbit. II 0.8 0.12 


* The relative glyoxalase activity is given here as units, determined ac- 
cording to the procedure described in the text. 


In the present experiments the mixture of 10 ce. of liver extract 
(72 hours old), varying amounts of toluene (1.0, 0.5, 0.1, and 0.05 
ec.), and 50 cc. of citrate buffer (pH 6.8) was incubated for 
3 hours and then 10 ec. of 0.02 Mm methylglyoxal solution were 
added. After 2 more hours incubation the remaining methyl- 
glyoxal was determined, the results being compared with the 
control experiment which was carried out under the same condi- 
tions but without toluene. 

No inhibitory action of toluene was observed. Thus the 
amount of toluene which we use for the antiseptic purpose seems 
to have no influence on the activity of glyoxalase. 
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9. Influence of Sodium Fluoride on Action of Glyoxalase. 


It is a well known fact that fluoride markedly inhibits yeast 
fermentation or tissue glycolysis. The question, at which stage 
of the sugar catabolism fluoride acts, has, however, not been 
solved. Davenport and Cotonio (14) observed that in the 
presence of NaF only a small part of glycogen added was converted 
to lactic acid by the muscle extract while glycogen and free phos- 
phate disappeared rather rapidly. This observation may indicate 
that the inhibition takes place after the stage of hexose phosphate 
formation. To see whether fluoride may have an inhibitory 
action on the reaction methylglyoxal — lactic acid, 2.5 ec. of 
the liver extract and 2 cc. of 0.1 mM methylglyoxal were diluted with 
and without NaF (final concentration = 0.01 N) to 50 ec. with 
borate buffer of pH 7.0 and incubated at 37.5°. 

The occasional determination of methylglyoxal and lactic acid 
of these two fluids showed that fluoride had no effect on glyoxalase. 
Its inhibition thus would appear to be located between hexose 
phosphate and methylglyoxal. 

Other experiments showed that the accelerating actic. of 
arsenate and arsenite on yeast fermentation has no parallel on — 
glyoxalase action. 


IV. “Antiglyoxalase.”’ 


In Dakin and Dudley’s experiments (8) the pancreas of several 
animal species showed, in striking contrast to other tissues, an 
inhibitory action on glyoxalase. This inhibitory substance, 
named by them ‘‘antiglyoxalase’”’ was present not only in pancreas 
extract but also in pancreatic juice and pancreatin preparations. 
The amount of the enzyme, present in 0.025 gm. of pancreatin or 
2 ce. of pancreatic juice was stated to inhibit completely the 
action of glyoxalase which otherwise would be capable of forming 
several gm. of lactic acid. Antiglyoxalase was thermolabile, 
being completely destroyed by exposure to a temperature of 85°, 
for 10 minutes. The inhibitory action was not due to trypsin, 
lipase, or diastase. 

Foster and Woodrow (15) and Foster (10) found a substance in 
pancreas which inhibited the formation of lactic acid in chopped 
muscle. This pancreatic factor differed from antiglyoxalase in 
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its solubility in 70 per cent alcohol, stronger thermostability, 
and weaker resistance towards alkali. They proved that insulin 
and trypsin were not responsible for the inhibitory action. Foster 
suggested that the antiglyoxalase action might be due to the 
action of some factor in pancreas on the substrate (phenyl- 
glyoxal) rather than on glyoxalase itself. 


1. Inhibitory Action of Pancreas Extract on Glyozxalase. 


20 cc. of rabbit liver extract (some days old) were added to 
16 cc. of 20 per cent beef pancreas extract (24 hours old), diluted 
to 100 cc. with citrate buffer of pH 6.8, and incubated at 37.5°. 
Occasionally 20 ce. were pipetted out of the fluid, added to 2 ce. 
of 0.1 m methylglyoxal, diluted to 50 ec. with the buffer, incubated 


TABLE XIII. 
Action of Pancreas Extract on Glyozalase. 


Decrease of methylglyoxal after 2 hrs. incubation with 


Time of contact of pancreas clyoxalase + pancrens extenct. 


extract with glyoxalase. 
Control (without pancreas 
extract). 
hrs. per cent per cent 
0 17.2 11.9 
1 14.8 12.0 
3 6.1 11.0 
5 3.0 10.0 


for 2 hours, and examined for the remaining methylglyoxal. As 
a control experiment the liver extract was treated under the same 
conditions but without the pancreas extract. 

The figures in Table XIII indicate that the pancreas extract 
must be kept in contact with glyoxalase for 2 or 3 hours before the 
addition of methylglyoxal to develop its inhibitory action. In 
the early stage of the incubation the pancreas extract had even an 
accelerating action on glyoxalase. This may be due to the 
presence of glyoxalase in the pancreas itself. The complete 
inhibition as described by Dakin and Dudley could not be ob- 
served even after 18 hours digestion of 7 gm. of beef pancreas and 
2 gm. of rabbit muscle. 
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2. Inhibitory Action of Pancreatin Preparation. 


The commercial pancreatin preparation (Park Davis and Com- 
pany) had, contrary to the pancreas, some inhibitory action 
without previous incubation with the ferment (Table XIV). 

Practically complete inhibition was observed when 25 cc. of 
liver extract were digested with 1 gm. of pancreatin at 33° for 18 
hours at pH 7. It may be noted that pancreatin alone destroys 
methylglyoxal to a certain extent. 


TABLE XIV. 
Inhibitory Action of Pancreatin on Glyoxalase. 


1. 2cc. liver extract + 2 cc. 0.1 mM methylglyoxal (no pancreatin). 
2. 2 cc. liver extract + 2 cc. 0.1 M methylglyoxal + 0.01 gm. pancreatin. 
Each diluted to 50 cc. with borate buffer solution, pH 7. 


Time Decrease of methylglyoxal. 
(+ methyl- 
glyoxal). Sample 1. Sample 2. Sample 3. Sample 4. 
hrs. per cent per cent per cent per cent 
0.5 24.5 22.2 17.5 8.5 
1.5 76.6 69.0 61.0 30.1 
TABLE XV. 
Decrease of Methylglyozal. 
Control. 
eated at 85°. eated at 
With untreated 
pancreas extract. Without extract. 
per cent per cent per cent per cent 
8.2 8.2 6.1 13.6 


3. Thermostability of Antiglyoxalase. 


A. Pancreas.—The pancreas extract was heated for 10 minutes 
at 85° and for 15 minutes at 100° and treated similarly as in the 
foregoing experiment. The control experiments were made in 
the following way: The liver extract was treated with and without 
unheated pancreas extract under the same conditions as in the 
Main experiment. Though the results are not very impressive, 
the pancreas loses its activity by heating (Table XV). 
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B. Pancreatin.—As shown in Table XVI heating did not destroy 
the inhibitory action completely and even after exposure to a 
temperature of 120° for 30 minutes the pancreatin still kept its 
inhibitory function. Judging from the result mentioned above 
the author has some doubt about the enzymic nature of the pan- 
creatic factor. 


4. Nature of Action of Pancreatic Factor. 


Foster (10) is inclined to attribute the antiglyoxalase action to 
the action of some factor in the pancreas on the substrate rather 
than on the glyoxalase. To examine her suggestion the following 
experiments were performed, methylglyoxal being used instead of 
phenylglyoxal. 


TABLE XVI. 
1. 10 ce. liver extract + 2 cc. 0.1 M methylglyoxal. 
+15“ 2 per cent pancreatin (untreated). 
+15 “ pancreatin (120°, 30 min.). 


The other conditions are the same as in the experiment in Table XIV. 


Decrease of methylglyoxal. 


Time. | 
| Sample 1. | Sample 2. Sample 3. 
Ars. | per cent | per cent per cent 
0.5 | 28.2 | 10.3 21.5 
2.0 | 91+ | 25.5 62.5 


Experiment A.—A mixture of 5 ec. of 0.02 Mm methylglyoxal and 
5 ec. of pancreas extract was incubated for 3 hours, added to 5 ce. 
of liver extract (96 hours old), which had been warmed for 3 
hours, and diluted to 50 ec. with citrate buffer solution of pH 6.8. 

Experiment B.—The mixture of 5 cc. of the pancreas extract and 
5 ec. of the liver extract was incubated for 3 hours, added to 5 ce. 
of methylglyoxal, and diluted to 50 cc. with the buffer solution. 

Experiment C.—The mixture of 5 ce. of the liver extract and 
5 ec. of water was incubated for 3 hours, added to 5 cc. of methyl- 
glyoxal and 5 ce. of the pancreatin solution, which had been 
warmed for 3 hours, and diluted to 50 cc. with the buffer solution. 

Experiment D.—The mixture of 5 cc. of the liver extract and 
5 ec. of water was incubated for 3 hours, added to 5 ce. of methyl- 
glyoxal, and diluted to 50 cc. with the buffer solution. 


: 
‘ 


N. Ariyama 383 


All fluids were placed in the thermostat at 37.5° for 2} hours and 
then examined for their methylglyoxal content. The results are 
given in Table XVII. 

If Foster’s suggestion were right, we should have observed 
the inhibitory action of the pancreatic factor in Experiment A, 
which shows no special relation between methylglyoxal and 
pancreatic factor. 

The absence of significant difference between the results of 
Experiments B and C indicates that the pancreatic factor in- 
hibited the action of glyoxalase only when it had been kept in 
contact with glyoxalase for a time before the addition of methyl- 
glyoxal. The inference seems to be justified that the inhibitory 
action is directly upon the glyoxalase. That pancreatin inhibits 
the power of glyoxalase to convert methylglyoxal to lactic acid 


is shown in the following experiments. 


TABLE XVII. 
Nature of Action of Pancreatic Factor. 


Decrease Of mcthylglyoxal. 


Experiment A, Experiment B. | Experiment C. Experiment D. 
per cent per cent | per cent per cent 
17.1 11.4 | 19.1 | 18.5 


Experiment 1.—10 cc. of 20 per cent liver extract + 5 ce. of 3 
per cent pancreatin suspension + 15 cc. of borate-boric acid 
buffer of pH 7.4. 

Experiment 2.—10 ce. of liver extract + 5 ec. of water + 15 ce. 
of buffer. 

Experiment 3.—5 ce. of pancreatin +10 ce. of water + 15 ce. 
of buffer. | 

The mixtures were incubated at 37.5° for 3 hours, then added 
to 2 cc. of 0.2 M methylglyoxal, and diluted to 50 cc. with the same 
buffer. These mixtures were incubated further and the decrease 
of methylglyoxal and the increase of lactic acid were examined 
at suitable intervals (Table XVIII). 

When the glyoxalase action of pancreatin on methyglyoxal 
(Experiment 3) is subtracted from the results in Experiment 1, 
the decrease of methylglyoxal and the increase of lactic acid 
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coincide. This suggests a direct inhibition of pancreatic factor 
on glyoxalase. 


5. Action of Insulin on Glyoxalase. 


Foster and Woodrow (15) found that the presence of insulin 
had no influence on the formation of lactic acid from chopped 
muscle. In the present experiment it was found that insulin 
(iletin U-80 and a sample prepared by Somogyi, Doisy, and 
Shaffer’s method (16)) was entirely without effect on glyoxalase 
activity of liver extracts. 


V. Action of Potassium Cyanide on Methylglyoxal and Glyozal. 


Meyerhof (13) has described the interesting observation that 
hydrogen cyanide, even in a very low concentration, catalyzes 


TABLE XVIII. 
Nature of Action of Pancreatic Factor. 


Experiment 1. Experiment 2. Experiment 3. 
Time. 
Decrease Decrease Decrease Increase 
Increase of Increase of : 
of methyl- of methyl- of methyl- | of lactic 
glyoxal. lactic acid. lactic acid. glyoxal. 
Ars. per cent per cent per cent per cent per cent per cent 
1 29.0 24.0 40.0 38.0 5.0 0.5 
3.4 44.6 36.6 92.9 83.4 12.0 1.2 


the conversion of methylglyoxal to lactic acid in neutral reaction. 
A concentration of 5 X 10-> mM KCN converted 100 times that 
amount of methylglyoxal to lactic acid within 1 hour at 38°. He 
determined lactic acid indirectly from the quantity of carbon 
dioxide formed in Warburg’s apparatus for glycolysis. At the 
same time the decrease of methylglyoxal was tested qualitatively 
by its reaction with piperidine and sodium nitroprusside. 

Independently Dr. Shaffer had observed the striking effect of 
cyanide in activating the reducing intensity of glyoxals, which 
serves as the basis for our colorimetric method earlier described. 

In view of these observations it was of interest to study the 
effect of cyanide on glyoxals. 
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1. Action of KCN on Methylglyoxal and Glyoxal. 


As illustrated in Chart V KCN had such a splendid action on 
methylglyoxal that even in 0.00001 N concentration it decomposed 
86 per cent of 0.001 m methylglyoxal in an hour’s time at 37.5° 
and at pH 6.8 (citrate), at which pH methylglyoxal without 
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cyanide is quite stable. The result shows that the action of 
KCN is catalytic. 
Glyoxal is much more resistant to KCN than methylglyoxal. 
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The glyoxals disappeared with great velocity up to about 90 
per cent and then the change became extremely slow. Meyerhof 
suggested that this phenomenon might be due to the formation of 
some unknown substance or substances. 
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9, Influence of Hydrogen Ion Concentration on Catalytic Action of 
KCN. 


Chart VI shows the great increase of KCN action with the rise 
of hydroxyl ion concentration. In 0.00002 N KCN at 37.5° 3.8 
per cent of 0.001 m methylglyoxal disappeared in 4 minutes at 
pH 6.2, 20.0 per cent at pH 6.8, and 100 per cent at 8.4. The 
results of the calculation of velocity constants of the reaction 
with 0.00002 N KCN at pH 6.8 conform fairly to a monomolecu- 
lar reaction but those of the reactions with other amounts of 
KCN and at other pH values were not satisfactory enough for 
the application of monomolecular equation to them. Neverthe- 
less, the average values of velocity constants may be used for 
approximate comparison of velocities of the decomposition of 
methylglyoxal by various agents (alkali, glyoxalase, or KCN). 


Concentration of KCN. pil : K X 10? (log e) 
M 
0.0001 6.8 16.1 
0.00005 6.8 9.2 
0.00002 6.8 5.5 
0.00001 6.8 3.2 
0.00002 6.2 1.2 
0.00002 8.4 57.5 


3. Lactic Acid Formation from Methylglyoxal in Presence of KCN. 


Having confirmed the catalytic action of KCN upon glyoxals, | 
we determined the amount of lactic acid formed from methylgly- 
oxal by cyanide decomposition. At pH lower than 12 little or 
no lactic acid was found to be produced by this reaction. The 
attempt to prepare zinc lactate failed also. An inconsistent 
increase of the acidity of about 30 per cent was, however, observed 
in every case. Two typical results out of more than ten experi- 
ments with varying amounts of KCN may be cited (Table XIX). 

The mixture of 20 ec. of 0.2 m methylglyoxal and 1 cc. of 0.01 N 
(final concentration = 0.0001 N) or 2 ce. of 0.1 N KCN (final 
concentration = 0.002 nN) was diluted to 100 ce. with 0.1 M 
NaHCO; (pH about 8.4) at 22°. Methylglyoxal, lactic acid, and 
acidity were examined at intervals. A control experiment was 
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made in the same way but without KCN. For the determination 
of the acidity 10 cc. of the fluid were poured into 15 ce. of 0.1 N 
HCl, aerated rapidly with CO.-free air for 2 to 3 minutes, and 
titrated with 0.1 Nn NaOH. 

The failure to find lactic acid was proved not to be due to its 
further decomposition by KCN action. 

To exclude the possibility of the oxidation of lactic acid (or a 
precursor) by oxygen of the air the mixture of methylglyoxal and 
KCN was made in a hydrogen atmosphere. No difference was 


TABLE XIX, 
Conversion of Methylglyoxal in Presence of KCN. 
Bh ote | Increase of acidity.* Increase of lactic acid. 
Time. 
Control Control Control 
without without without 
| KCN. KCN. KCN, 
KCN = 0.0001y. 
min. per cent per cent per cent per cent per cent per cent 
5 29.5 0 
10 58.9 22.5 
20 85.1 35.0 
30 88.4 3.6 35.0 0 0.6 0.4 
KCN = 0.002 n. 
5 41.3 0 27 .0 0 0 0 
10 66.4 28.0 
20 86.3 31.5 
30 2.0 31.5 0 0 0 


* The calculation was made under the assumption that 1 molecule of a 
monobasic acid was formed from 1 molecule of methylglyoxal. 


recognized in the results as against that obtained in the ordinary 
atmosphere. The experiments given in Table XX show that 
KCN inhibits even the action of high alkalinity in converting 
methylglyoxal to lactic acid and turns the reaction into another 
unknown direction. At the lowest concentration (0.00002 N) 


the KCN action was so weak that it scarcely checked the predomi- 
nant action of alkali. 0.0001 N concentration was, however, 
strong enough to restrain lactic acid formation to a remarkable 
degree. With a sufficient amount of KCN (0.001 Nn) the increase 
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of the acidity was just 50 per cent of the decrease of methyl- 
glyoxal and no trace of lactic acid was observed. 


4. Nature of Substance or Substances Produced from Methylglyoxal 
by KCN. 


Since the formation of pyruvic acid and acetol from methyl- 
glyoxal, by a Cannizzaro reaction, seemed to be possible, the 
isolation of p-nitrophenylhydrazone of pyruvic acid from the solu- 

TABLE XX. 


Methylglyoxal Conversion by KCN. 


10 ce. of 0.1 M methylglyoxal + 40 cc. of 0.1 N NaOH + varying amounts 
of KCN, diluted to 100 cc. with water. Temperature about 25°. 


0.00002 x 0.0001 x 0.0002 x 0.001 

3S sis sis 3 is 
& 31/4 | Sia | Sia | 

# | #2 | £8| | 2 | 

min per per per per | per | per | per | per per | per | per 

. cent cent cent cent | cent | cent | cent | cent | cent! cent | cent | cent 

0.5 20.8 17.6 

1.0 57.2 54.1 

1.5 100; 50 | O 

2.0 54.8) 49.2) 36.069.4 62.521.9)79.2 

3 80.1 88.661.5)15.3 

4 62.4) 57.5) 45.5,.86.1 |71.0 24.7 63.5'16.4 

5 68.1117.0 

6 73.1; 65.8) 57.7 

7 72.4:26.7 17.9 

10 87.6; 81.4) 64.8 77.5 19.5 50 | O 


tion was attempted, but failed. The absence of acetaldehyde was 
proved in the lactic acid determination method in the previous 
experiments. Ethyl alcohol was not detected. For the examina- 
tion of the volatile acid the following experiment was performed. 
The mixture of 40 cc. of 0.47 m methylglyoxal and 25 ce. of 0.1 N 
KCN was diluted to 200 ce. with 0.2 m NaHCO; (pH about 8.4) 
and let stand overnight at about 23°. (Though hydrogen ion 
concentration of pH about 7 was desirable in the experiment, 
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bicarbonate was the only available buffer; citrate buffer, being 
oxidized by KMnO,, interferes in the lactic acid determination 
and borate-boric acid buffer checks the action of KCN.) The 
amount of methylglyoxal that disappeared was 96.8 per cent 
and the increased acidity corresponded to 71.2 cc. of 0.1 N NaOH. 
The fluid was acidified with phosphoric acid and then distilled 
with steam. The acidity in the distillate (4 liters) was equivalent 
to 70.8 cc. of 0.1 N NaOH. The distillate was made slightly 
alkaline and evaporated to 100 cc. To remove formic acid, if 
present, the concentrated fluid was boiled with KeCr.0,;-H.SO, 
for 10 minutes according to Macnair’s description (17) and again 
distilled with steam. The acidity of this distillate corresponded 
to 68.23 cc. of 0.1 N NaOH. ‘Thus the presence of formic acid was 
excluded by no significant difference in the acidity before and 
after the oxidation with bichromate. The existence of acetic acid 
was expected but it was not proved positively. The distillate 
reduced Fehling’s solution and ammoniacal silver nitrate (perhaps 
due to methylglyoxal remaining in a small quantity). The 
presence of formaldehyde and acetone was not excluded with 
certainty. 

We have been unable so far to identify the product of the trans- 
formation of methylglyoxal under the catalytic influence of cyanide. 
The product is not lactic acid. One of the products, a volatile 
acid, has so far not been identified. 


VI. Reducing Action of Methylglyoxal and Glyoxal when Acted upon 
by Glyoxalase, Alkali, and Potassium Cyanide. 


The development of high reduction intensity during the action 
of glyoxalase or alkali on methylglyoxal would perhaps not be 
expected since the reaction, involving the formation of lactic acid 
from methylglyoxal, is not simple oxidation but oxidation-reduc- 
tion. The circumstances may, however, be quite different in the 
case of KCN. The following experiment (Table X XI) was made 
to observe whether there would develop high reduction intensity 
when glyoxal and methylglyoxal are decomposed by KCN. 


1. Methylglyoxal. 


10 ec. of 0.1 M methylglyoxal solution were added with 3 cc. of 
0.1 per cent methylene blue solution and 10 and 5 cc. of 0.001 N 
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KCN solution, so as to get the final concentration of 0.0001 N 
and 0.00005 nN in 100 ce. The mixture was immediately diluted 
to 100 ce. with citrate buffer solution of pH 6.8. A small part of 
the fluid was transferred to the colorimeter tube, covered with 
mineral oil to prevent the reoxidation of the reduced methylene 
blue, and read at intervals against the standard which was made 
by diluting 3 cc. of methylene blue to 100 ee. with the buffer 
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solution. The temperature was about 25° throughout the experi- 
ment. The same experiment but without methylene blue was 
made for the determination of the rate of the decrease of methyl- 
glyoxal by the action of KCN. Control experiments were con- 
ducted by adding 3 cc. of methylene blue to 10 or 5 cc. of KCN 
solution and to 10 cc. of methylglyoxal for the examination of 
reducing power of KCN or methylglyoxal. Chart VII and Table 
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XXI show the development of high reduction intensity during the 
change of methylglyoxal by the action of KCN. The control 
experiments indicated no reduction of methylene blue by KCN 
or methylglyoxal alone. 


2. Glyoxal. 


The experimental conditions are similar to those of the previous 
experiment, the KCN concentration being 0.001 N. 

High reducing action was thus observed with both glyoxal and 
methylglyoxal. In the similar experiments, using glyoxalase or 


TABLE XXI, 
Rate of Methylene Blue Reduction by Glyoxal + KCN. 


Final concentrations: 0.01 mM methylglyoxal + 0.001 n KCN + 0.003 per 
cent methylene blue; pH 6.8; temperature about 25°. 


Reduction of methylene blue. 
Decrease of 
Time. Methylglyoxal + Control. 
0.001N KCN. | methylene blue | Methylglyoxal +| KCN + 
methylene biue. | methylene blue. 

min. per cent per cent per cent per cent 
5 5.0 23.3 1.0 0 
10 9.5 30.0 2.5 0 
20 17.7 48.1 4.5 0 
30 67.1 0 
35 9.5 0 
30 34.4 77.6 0 
60 11.0 0 
90 44.5 80.3 0 


alkali instead of KCN, we could not notice even a slight degree of 
reducing action on methylene blue. This contrast suggests ‘a 
different mode of the action of KCN and glyoxalase or alkali on 
glyoxals. 


It is the author's pleasure to express sincere gratitude to Pro- 
fessor P. A. Shaffer for his valuable suggestions and criticism 
throughout the experiments. 


SUMMARY. 


1. A new colorimetric method for the determination of glyoxals 
is described. 
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2. The influence of hydrogen ion concentration on glyoxals is 
studied; the glyoxals are quite stable at neutral reaction but with 
the increasing pH they disappear more rapidly at rates of mono- 
molecular reactions. ‘The disappearance of glyoxals, however, at 
a pH lower than pH 12 does not necessarily mean the formation of 
corresponding hydroxy acids. The conversion of methylglyoxal 
to lactic acid is quantitative only in the excess of alkali. 

3. The action of tissue extracts (glyoxalase) on glyoxals was 
studied. The optimum hydrogen ion concentration for the 
activity of glyoxalase lies in the neighborhood of pH 7. The 
enzyme converts methylglyoxal quantitatively to lactic acid. The 
glyoxalase content of liver is higher than in other animal tissues. 

4. The inhibitory action of pancreas extracts upon glyoxalase 
has been further investigated. Insulin does not exhibit any 
inhibitory action. 

5. Alkali cyanide has strong catalytic action on the decomposi- 
tion of glyoxals. Lactic acid is not produced from methylglyoxal 
in the presence of KCN. 

6. High reduction intensity develops when glyoxals are de- 
stroyed by KCN but not when decomposed by glyoxalase or 
alkali. 


Addendum.—While the present papers were under preparation for publi- 
cation, Kuhn and Heckscher (18) reported a work on methylglyoxal. They 
studied the behavior of methylglyoxal towards the OH ion concentration 
and glyoxalase, using the iodometric method for methylglyoxal determina- 
tion. Their results conform in principle to ours. 
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THE FORMATION OF METHYLGLYOXAL FROM HEXOSE 
PHOSPHATE IN THE PRESENCE OF TISSUES. 


By NOBORU ARIYAMA. 
(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis.) 
(Received for publication, February 10, 1928.) 


In a paper by Toenniessen and Fischer (1) the important observa- 
tion is reported that methylglyoxal is formed from hexose phos- 
phate when the latter is digested with muscle in the presence of 
pancreas. They identified the substance by determining the 
melting point of its p-nitrophenylosazone. ‘The significant point 
in their work seems to be their use of pancreas which by its 
antiglyoxalase might retard the further destruction of methyl- 
glyoxal, if this substance were produced from hexose phosphate by 
the tissue, thus allowing the methylglyoxal to accumulate in the 
tissues or solution. Since this work seemed to be of great signifi- 
cance in confirmation of the notion that methylglyoxal may be an 
intermediate between hexose phosphate and lactic acid, an attempt 
was made to repeat the work. The hexose phosphate used was 
sodium hexose diphosphate formed from calcium salt (candiolin)! 
by treatment with sodium oxalate. 


Experiment I. 


Mixture 1.—2 gm. of fresh rabbit muscle + 0.5 gm. of pancreatin 
+ 70 cc. of 0.65 per cent sodium hexose phosphate. 

Mixture 2.—2 gm. of muscle + 70 cc. of hexose phosphate. 

Mixture 3.—70 cc. of hexose phosphate. 

Mixture 4.—2 gm. of muscle. 

The mixtures were diluted to 100 cc. with borate-boric acid 
buffer of pH 7.0, incubated at 38°, and examined for their methyl- 
glyoxal and free phosphate content (see Table I). 


1 For asupply of candiolin (calcium hexose diphosphate) we are indebted 
to the Winthrop Chemical Company. 
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Methylglyoxal was determined by the colorimetric method (2), 
it being assumed that the blue color is due to the presence of 
methylglyoxal, and free phosphate by Briggs’ method (3), in both 
cases after the removal of protein with trichloroacetic acid. 

In a second experiment in which rabbit liver was used instead 
of muscle, the increase of methylglyoxal was 3.23 mg. in Mixture 1 
and 4.47 in Mixture 2 after 24 hours incubation. These results 
show that the glyoxal-like substance increases somewhat after a 
few hours incubation with hexose phosphate. The presence of 
the pancreatin had, contrary to expectation, even a slight inter- 
fering influence on the color increase; the pancreatin apparently 
inhibits or destroys not only the glyoxalase but also the ferment 
which converts hexose phosphate to methylglyoxal. If we assume 
that the increase of the color is due to methylglyoxal formed 


TABLE I. 
Increase of Methylglyoxal and Free Phosphate from Hexose Phosphate by 
Muscle. 
Mixture 1. Mixture 2. Mixture 3. Mixture 4. 


Time of 
incubation.| Methyl- | Phos- | Methyl- | Phos- | Methyl-| Phos- | Methyl-! Phos- 
glyoxal. phate. glyoxal. | phate. | glyoxal.| phate. | glyoxal.| phate. 


hrs. mg. mg. P mg. mg. P mg. mg. P mg. mg. P 
1 0.02 0.03 0.27 0.34 0 0 0 0 
2 0.70 1.27 1.36 0 0 0 0 
4.5 3.17 3.55 4.38 4.12 0 0 0 0 


(though this is not the only substance responsible for the color 
development—some other intermediary substances may possibly 
give the color), the formation of methylglyoxal can hardly be 
understood, for the glyoxalase of muscle or liver is so active 
that methylglyoxal formed from hexose phosphate must be 
rapidly converted to lactic acid and the accumulation of methyl- 
glyoxal would not be expected. A possible explanation of the ob- 
served facts might be the assumption that glyoxalase activity is 
destroyed rather rapidly during the incubation, while the enzyme 
which converts hexose phosphate to methylglyoxal survives for a 
longer time. To test this hypothesis the following experiments 
were performed. It was found that by the incubation of the liver 
with 5 parts of buffer solution of pH 7, or water, the glyoxalase 
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was destroyed rather rapidly. When such old extracts were used, 
in which glyoxalase activity had largely disappeared, there was 
observed a much greater increase in the glyoxal-like substance on 
incubation with hexose phosphate. 


Experiment II. 


50 cc. of 20 per cent liver extract were diluted to 200 cc. with 
borate-boric acid buffer (pH 7); 3 cc. of toluene were added and 
incubated at 37°. From time to time 25 cc. were pipetted out, 
added to 5 cc. of 0.04 m methylglyoxal, diluted to 50 cc. with the 
buffer, and incubated at 37°. The rate of disappearance of 
glyoxal represents the glyoxalase activity. 

The influence of the period of autolysis of the liver on the yield 
of methylglyoxal is shown in Table IT. 


TABLE II. 
Influence of Incubation of Liver Extracts on Their Glyoxalase Activity. 


Per cent of methylglyoxal destroyed. 


ba of 
mae ‘a. Period of autolysis of liver. 
methylglyoxal. 
At start. 2 hrs. 6 hrs. 24 hrs. 48 hrs. 72 hrs. 
15 min. 69.0 45.0 
30 “ 58.0 4.6 
6 hrs. 1.7 0 


Expervment II]. 


Fresh rabbit liver was incubated with 5 parts of borate-boric 
acid buffer (pH 7) and some toluene at about 37°. At the start 
and again after 24 hours incubation 10 cc. of the extract were 
pipetted out, added with 50 cc. of 1.2 per cent sodium hexose 
diphosphate solution, diluted to 100 cc., and incubated for 20 
hours with 1 cc. of toluene. The liver extract, incubated for 24 
hours before being added to hexose diphosphate, yielded 16.5 mg. of 
methylglyoxal, while 3.0 mg. were found in the case of the fresh 
liver extract. 

This experiment, which has been repeated several times with 
similar results, seems to show that liver extracts, after incubation 
for a period with toluene, during which the glyoxalase activity is 
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largely destroyed, still possess the ability to form from hexose 
diphosphate a substance which reacts with the arsenophospho- 
tungstic acid reagent like a glyoxal, and is presumably methyl- 
glyoxal. 

It must be stated that a larger amount of the tissues does not 
always yield a larger amount of methylglyoxal from the same 
quantity of hexose diphosphate. This may be due to the action 
of residual glyoxalase changing methylglyoxal to lactic acid. 

To learn whether the substance which gave the blue color with 
the complex tungstic acid reagent was actually methylglyoxal, the 
attempt was made to prepare its p-nitrophenyldihydrazone and to 
determine its melting point. 


Experiment IV. 


To a neutralized trichloroacetic acid filtrate from a mixture of 
liver extract and hexose phosphate, incubated under conditions 
favorable for methylglyoxal formation (which solution contained 
according to colorimetric determination about 16.5 mg. of methyl- 
glyoxal (I:xperiment III), there was added double the calculated 
amount of p-nitrophenylhydrazine in acetic acid solution. After 
a few seconds at room temperature there occurred a bulky, red 
precipitate, which was filtered after several hours and washed 
thoroughly with water. Then the precipitate was boiled with 
p-nitrophenylhydrazine-acetic acid solution to convert the mono- 
hydrazone, if any, to dihydrazone. An alcoholic solution of the 
dihydrazone gave blue or violet color on the addition of alkali, 
while the monohydrazone gives a red or brown color. ‘This test 
was described by Dakin and Dudley (4) as a sharp reaction for 
the detection of dihydrazone. The dihydrazone was filtered, 
washed with dilute acetic acid and water, and dissolved in the 
smallest possible amount of pyridine. Water was added to the 
red pyridine solution till a slight precipitation occurred. Then 
the solution was heated to dissolve the precipitate and allowed to 
cool slowly. Gradually the red hydrazone crystallized in long and 
thin needles. The crystals were filtered by suction, washed with 
water, and dried. The osazone of pure methylglyoxal was pre- 
pared in the same way. A part of the purified osazone of the 
two sources was recrystallized also from butyl alcohol. The 
osazones of methylglyoxal and the substance under examina- 
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tion melted side by side at 282-283° (uncorrected), becoming 
brown and softening at 276-277°. A mixture of both osazones 
melted also at 282-283°. Upon being heated rapidly they 
melted at about 300°. In the literature we find conflicting 
reports on the melting point of methylglyoxal p-nitrophenylosa- 
zone; 280° by Toenniessen and Fischer (1), and 302-304° by 
Dakin and Dudley (4). The discrepancy of the reports may be 
ascribed to the rate at which the osazone was heated. The fact 
that the osazone of the substance being examined has the same 
properties and the same melting point as those of pure methyl- 
glyoxal indicates that the substance formed from hexose phosphate 
by liver extract is really methylglyoxal. A small amount of a 
brown precipitate came down after a long period of time from 
hexose phosphate solution (without tissue) when treated with 
p-nitrophenylhydrazine. ‘The brown precipitation occurred in a 
small quantity also in the solution from liver extract (without 
hexose phosphate). Both precipitates showed no definite crystal 
form under the microscope and did not come out from pyridine 
solution on the addition of water. The substance formed from 
hexose phosphate by liver extract was destroyed by glyoxalase 
and by alkali in the same way as methylglyoxal. 

Since at least two enzymes seem to participate in the formation 
of lactic acid from hexose phosphate, the one converting hexose 
phosphate to methylglyoxal, the other, glyoxalase, changing 
methylglyoxal to lactic acid, an experiment was performed to 
learn whether heated tissue extract might still convert hexose 
phosphate to methylglyoxal. 


Experiment V. 


10 cc. of the liver extract which had been incubated at 37° for 
72 hours, were heated in the boiling water bath for 15 minutes, 
added to 25 cc. of 1.15 per cent hexose phosphate solution, diluted 
to 50 ec. with borate-boric acid buffer of pH 7.0, and then incu- 
bated at about 36° for 24 hours. 

As a control experiment the unheated liver extract was treated 
in the same way. The increase of methylglyoxal by the heated 
extract was 0.55 mg., while 2.86 mg. were obtained by unheated 
liver extract. The marked decrease of the tissue activity by 


tal 
al 
| 
4] 
ig 
a 
| 
4 
é 
4 
$ 
+ oh 
a 
42 
4 
4 
x 
* 
¢ 


400 Methylglyoxal from Hexose Phosphate 


heating indicates that the substance which converts hexose phos- 
phate to methylglyoxal is of enzymic nature. 

The following experiments indicate that longer incubation of 
the liver yielded more methylglyoxal but after 48 hours incubation 
the rate of the increase of methylglyoxal became rather slow. As 
to the duration of the digestion of hexose phosphate with the liver, 
methylglyoxal increased relatively rapidly till 48 hours and then 
slowly. Kxtracts of liver incubated with water yielded more 
methylglyoxal than extracts prepared by extraction and incubat- 
ing with borate-boric acid buffer of pH 7.0 (Table III). 


TABLE III. 
Relation between Period of Incubation before and after Addition of Hexose 
Phosphate on Methylglyoxal Yield. 


Period of incubation before addition of hexose phosphate. 


Time of 
digestion of At start. | After 20 hrs. 
exose 


phosphate Water. | Buffer. | Water. | Buffer. 
with liver. 


After 44 hrs. After 68 hrs. 


Water. | Buffer. | Water. | Buffer. 


Increase of methylglyoxal, mg. 


hrs 
4 0.08 0.07) 0.66) 0.31 1.11 | 0.97; 0.65! 0.96 
8 1.16; 0.76) 2.65 | 1.10); 3.22) 3.29) 3.45 | 3.58 
24 5.51 | 2.40 | 10.51 | 5.68 | 11.95) 8.29 
48 5.67 2.87 8.17, 5.96 16.36) 6.48 | 12.73 
72 6.08 4.55 
96 9.25 | 6.74 | 17.60 


Experiment VI. 


20 per cent extracts of fresh rabbit liver were made with (1) 
borate-boric acid buffer (pH 7) and (2) water, and incubated 
with some toluene at about 38°. At suitable intervals 10 cc. of 
each extract were taken out and added to 50 cc. of 1 per cent 
sodium hexose phosphate, diluted to 100 cc. with water, incubated 
with 1 cc. of toluene, and the increase of methylglyoxal in the 
solutions was examined by the colorimetric method. 

No color increase was observed in hexose phosphate solution 
without liver. The difference in the methylglyoxal yield of these 
two kinds of liver extract (water and buffer) is, as shown in 
Iixperiment VIII, not due to the nature or hydrogen ion con- 
centration of the extraction fluid but is merely due to hydrogen 
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ion concentration at which the extracts acted on hexose phosphate. 
In order that the methylglyoxal formed from hexose phosphate 
under the action of tissue extract may accumulate to an extent 
that its detection is possible, it appears to be necessary first to 
destroy the glyoxalase activity of the extract. This, as shown by 
the results of Experiment VII, is accomplished by incubation of 
the extract before it is treated with hexose phosphate. If the 
preliminary incubation is too much prolonged, however, the 
subsequent yield of methylglyoxal is small. 

In an attempt to find the best conditions for the activity of the 
enzyme which is supposed to produce methylglyoxal from hexose 
phosphate, the influence of hydrogen ion concentration on methyl- 
glyoxal formation was studied. 


TABLE IV. 


Influence of pH of Extraction Fluid on Methylglyoxal Formation from 
Hexose Phosphate. 


Time of Increase of methylglyoxal, mg. 
incubation. 
pH 5.0 pH 6.2 pH 7.0 pH 8.2 
hrs. 
24 2.6 3.5 6.5 8.2 
48 5.7 10.1 10.3 11.9 
72 5.6 10.1 11.3 10.3 


Experiment VII. 


50 gm. of beef liver were incubated (32-35°) with 200 cc. of 
buffer solutions at pH 5.0 (citrate), 6.2 (citrate-NaOH), 7.0 
(borate-boric acid), and 8.2 (borate-boric acid), and several cc. of 
toluene. After 24 hours 10 cc. of these extracts were added to 
10 ec. of 3.8 per cent hexose phosphate, 80 cc. of pH 7.0 borate- 
boric acid buffer solution, and 1 cc. of toluene and incubated 
further. The increase of the blue color which develops upon 
adding the methylglyoxal reagents to the protein-free liquid is 
calculated in terms of methylglyoxal and shown in Table IV. 

A control experiment showed that no trace of methylglyoxal 
was formed from hexose phosphate without the liver at any pH 
used in the experiment. It may be worth while to pay attention 
to the nature of the components of the buffer, since they them- 
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heating indicates that the substance which converts hexose phos- 
phate to methylglyoxal is of enzymic nature. 

The following experiments indicate that longer incubation of 
the liver yielded more methylglyoxal but after 48 hours incubation 
the rate of the increase of methylglyoxal became rather slow. As 
to the duration of the digestion of hexose phosphate with the liver, 
methylglyoxal increased relatively rapidly till 48 hours and then 
slowly. Extracts of liver incubated with water yielded more 
methylglyoxal than extracts prepared by extraction and incubat- 
ing with borate-boric acid buffer of pH 7.0 (Table III). 


TABLE III. 
Relation between Period of Incubation before and after Addition of Hexose 
Phosphate on Methylglyoxal Yield. 


Period of incubation before addition of hexose phosphate. 


Time of 
digestion of At start. | After 20 hrs. 
hexose 


phosphate Water. | Buffer. | Water. | Buffer. 
with liver. 


After 44 hrs. After 68 hrs. 


Water. | Buffer. | Water. | Buffer. 


Increase of methylglyoxal, mg. 


hrs 

4 0.08 | 0.07 | 0.66; 0.31) 1.11) 0.97; 0.65 | 0.96 
8 1.16; 0.76| 2.65; 1.10); 3.22) 3.29] 3.45] 3.58 
24 5.51 | 2.40 10.51 | 5.68 | 11.95 | 8.29 
48 5.67 | 2.87 | 8.17) 5.96 | 16.36 | 6.48 | 12.73 

72 6.08 | 4.55 

96 9.25 | 6.74 | 17.60 


Experiment VI. 


20 per cent extracts of fresh rabbit liver were made with (1) 
borate-boric acid buffer (pH 7) and (2) water, and incubated 
with some toluene at about 38°. At suitable intervals 10 cc. of 
each extract were taken out and added to 50 cc. of 1 per cent 
sodium hexose phosphate, diluted to 100 ce. with water, incubated 
with 1 cc. of toluene, and the increase of methylglyoxal in the 
solutions was examined by the colorimetric method. 

No color increase was observed in hexose phosphate solution 
without liver. The difference in the methylglyoxal yield of these 
two kinds of liver extract (water and buffer) is, as shown in 
Experiment VIII, not due to the nature or hydrogen ion con- 
centration of the extraction fluid but is merely due to hydrogen 
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ion concentration at which the extracts acted on hexose phosphate. 
In order that the methylglyoxal formed from hexose phosphate 
under the action of tissue extract may accumulate to an extent 
that its detection is possible, it appears to be necessary first to 
destroy the glyoxalase activity of the extract. This, as shown by 
the results of Experiment VII, is accomplished by incubation of 
the extract before it is treated with hexose phosphate. If the 
preliminary incubation is too much prolonged, however, the 
subsequent yield of methylglyoxal is small. 

In an attempt to find the best conditions for the activity of the 
enzyme which is supposed to produce methylglyoxal from hexose 
phosphate, the influence of hydrogen ion concentration on methyl- 
glyoxal formation was studied. 


TABLE IV. 
Influence of pH of Extraction Fluid on Methylglyoxal Formation from 
Hexose Phosphate. 
Time of Increase of metbylglyoxal, mg. 
incubation. 
pH 5.0 pH 6.2 pH 7.0 pH 8.2 

hrs. 
24 2.6 3.5 6.5 8.2 
48 5.7 10.1 10.3 11.9 
72 5.6 10.1 11.3 10.3 


Experiment VII. 


50 gm. of beef liver were incubated (32-35°) with 200 cc. of 
buffer solutions at pH 5.0 (citrate), 6.2 (citrate-NaOH), 7.0 
(borate-boric acid), and 8.2 (borate-boric acid), and several cc. of 
toluene. After 24 hours 10 cc. of these extracts were added to 
10 ec. of 3.8 per cent hexose phosphate, 80 cc. of pH 7.0 borate- 
boric acid buffer solution, and 1 cc. of toluene and incubated 
further. The increase of the blue color which develops upon 
adding the methylglyoxal reagents to the protein-free liquid is 
calculated in terms of methylglyoxal and shown in Table IV. 

A control experiment showed that no trace of methylglyoxal 
was formed from hexose phosphate without the liver at any pH 
used in the experiment. It may be worth while to pay attention 
to the nature of the components of the buffer, since they them- 
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selves may have some influence on the enzyme activity. <A glance 
at Table IV indicates that the incubation of the liver with higher 
pH buffer solution produces a larger amount of methylglyoxal. 
But it must be considered that during the long incubation with 
relatively high pH buffer solution (over pH 8) a part of the methyl- 
glyoxal formed may be destroyed by alkalinity of the buffer. A 
pH of about 7 appears to be optimum during the incubation of the 
liver. 

The next thing was to examine the optimum hydrogen ion con- 
centration for the activity of the presumptive enzyme. 


Experiment VIII. 


To each portion of 10 ce. (from 2 gm. of liver) of 100 hours old 20 
per cent watery extract of rabbit liver were added 10 cc. of 3.8 per 


TABLE V. 
Influence of pH on Methylglyoxal Formation. 


of Increase of methylglyoxal, mg. 
liver with 
hexose phosphate. pH 5.0 pH 6.2 pH 7.0 pH 8.2 
hrs, 
24 1.5 1.9 0.8 0.8 
48 a.4 10.8 6.3 6.3 
72 3.0 16.4 9.4 8.8 


cent sodium hexose phosphate solution and 80 cc. of pH 5.0, 6.2,7.0, 
and 8.2 buffer solutions respectively. They were placed with 1 
ec. of toluene in the warm room (32-35°). From time to time 
small portions of the liquids were pipetted out and their methyl- 
glyoxal content examined. 

Table V shows clearly that pH 6.2 buffer is the most favorable 
for the appearance of methylglyoxal. 

As to the quantitative yield of methylglyoxal from hexose 
phosphate, it is difficult to draw very satisfactory conclusions. 
The complete destruction of glyoxalase by the incubation is 
apparently impossible without destroying also the enzyme which 
is presumed to change hexose phosphate to methylglyoxal. Under 
the best conditions the yield of methylglyoxal found was about 10 
per cent of the calculated amount derivable from added hexose 
phosphate. 


N. Ariyama 403 


It has been observed that sodium fluoride inhibits markedly the 
action of the tissue to convert glycogen to lactic acid, leaving 
phosphate activity unattacked (5-8), and that it has no influence 
on glyoxalase (2). With the expectation that NaF might interfere 
in the reaction hexose phosphate — methylglyoxal, the following 
experiment was performed. 


Experiment IX. 


Mixture 1.—25 ec. of 1 per cent sodium hexose phosphate + 
2 gm. of rabbit muscle hash (incubated for 30 hours). 

Mixture 2.—25 cc. of hexose phosphate + 2 gm. of muscle hash 
+ of 1 N NaF. 

The solutions were diluted to 100 cc. and incubated with 1 ce. 
of toluene at about 38° for 21 hours. ‘The increase of methyl- 
glyoxal was determined by the colorimetric method. The increase 
of methylglyoxal was 1.73 mg. without NaF and 2.01 mg. with 
NaF. 

From the results it may be concluded that NaF was quite in- 
different to the methylglyoxal formation from hexose phosphate. 
Such a conclusion however leaves the inhibitory action of NaF 
as a puzzle, because there appears to be no room for NaF action 
in the reactions glycogen — lactic acia: 


Glycogen No inhibition by NaF (5-8) 
or hexose + P — hexose phosphate 


No inhibition by NaF 


_. No inhibition by NaF (2) 
Lactic acid < Methylglyoxal 


SUMMARY. 


1. When a mixture of hexose phosphate and muscle or liver 
extract, the tissue extract having been previously incubated with 
toluene for 24 hours, is incubated for another day, the solution con- 
tains a substance which reacts like methylglyoxal. 

2. The identity of this substance with methylglyoxal appears 
to be established by the determination of the melting point of 
p-nitrophenyldihydrazone. The behavior of this substance to- 
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wards strong alkali and glyoxalase likewise confirms its identity 
with methylglyoxal. 

3. Under the best conditions attained in the present work, the 
yield of methylglyoxal from hexose phosphate is about 10 per cent 
of the theoretical amount. 

4. The explanation suggested is that the glyoxalase activity 
of the tissue having been destroyed by incubation, the methyl- 
glyoxal, formed from hexose phosphate by a somewhat more re- 
sistant enzyme, accumulates in the solution. The observed facts 
support the view that methylglyoxal may be an intermediate in 
lactic acid formation. 
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THE COLORIMETRIC DETERMINATION OF LIPOID 
PHOSPHORUS IN BLOOD. 


By ALVIN R. HARNES. 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York.) 


(Received for publication, February 28, 1928.) 


The colorimetric determination of phosphorus published by 
Briggs! lends itself to the determination of lipoid phosphorus 
without the oxidation of the organic substances present. In the 
following procedure the lipoid phosphorus is converted by hydroly- 
sis with the H,SO, present in Briggs’ molybdate solution into 
the inorganic form of H3;PQO,. At the same time, the blue color 
of reduced molybdate is developed. The small amount of lipoid 
material remaining does not interfere with the reading of the color 
developed against the standard. | 

Procedure.—1 cc. of oxalated blood, serum, or plasma is spread 
on fat-free filter paper. The filter paper is cut in strips of 1} 
xX 7 inches. The blood is dried in an electric oven at 50°. The 
strip containing the dried blood is then placed in a Folin sugar 
tube into which have been introduced about 4 cc. of chloroform. 
A test-tube, through which water is allowed to syphon, serves as 
a condenser. AS many units as necessary may be connected 
(Fig. 1). The chloroform-is then refluxed on the water bath at 
75° for 3 hours. After the extraction is complete, the chloroform 
is transferred to a 50 cc. volumetric flask, diluted with 20 cc. of 
distilled water, and 3 cc. each of molybdate and hydroquinone 
solutions added.2 The volumetric flask is placed in the water 


1 Briggs, A. P., J. Biol. Chem., 1922, liii, 13. 

? Molybdate Solution.—5 per cent ammonium molybdate in 5 N H2SQO,. 
Dissolve 25 gm. of ammonium molybdate in 300 cc. of H20, add 75 ce. of 
concentrated H2SQO,, and dilute with 125cc.of HO. Hydroquinone Solution. 
—Dissolve 5 gm. of hydroquinone and 25 gm. of KHSO; in 500 cc. of H.0. 
Standard Phosphorus Solution.—Dissolve 219.3 mg. of KH2PQ, in 200 ce. of 
water and make up to 1 liter. 1 cc. of standard solution is equivalent to 
0.05 mg. of phosphorus. 


405 


4 
é 
3 
fy 


2 
? 
3 
a 
| 
£ 
3 
4 
| 
* 
* 
€ 
_* 
ff 
| 
| 
| 
¥ 
at 
A 
i? 
& 
< 
4 


406 


Lipoid Phosphorus Determination 


Fia. 1. 


TABLE I, 


Results are expressed in mg. of phosphorus per 100 cc. of blood. 


Evaporation of CHC]s 


Blood sample No. and oxidation 


with H2SO;,and HNOs. 


Author’s modification. 


— 


4.68 
4.05 
4.16 
4.21 
4.23 
4.21 
5.13 
4.41 
4.32 
4.04 


| 
/ 
| 
| | 
| 4.63 | 
4.01 | 
4.01 | 
4.17 | 
3.98 | 
| 4.14 | 
5.03 | 
| 4.31 | 
| 4.26 | 
| 3.94 | 
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bath at 100° for 30 minutes, at which time the color is fully de- 
veloped, and after cooling is read against the standard. This 
procedure eliminates the evaporation of the chloroform extract to 
dryness. 

By making up the chloroform extract to 5 ce. and taking an ali- 
quot part for the determination of phosphorus, cholesterol may be 
determined on the remaining portion. 

Table I gives a comparison of results obtained from ten rabbit 
bloods. 

The results thus far obtained indicate that when applied to the 
determination of lipoid phosphorus on small amounts of blood, 
the method described gives results that are as accurate as those 
obtained by other methods now in use. In addition, there is a 
great saving of time and material. 
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COLORIMETRIC DETERMINATION OF IRON AND HEMO- 
GLOBIN IN BLOOD. II. 


By SAN YIN WONG. 


(From the Department of Biochemistry, University of Hongkong, Hongkong, 
China.) 


(Received for publication, March 12, 1928.) 


In order to obviate the digestion for the total destruction of 
blood proteins required by my former method (1)—an incon- 
venience frequently met in the field and other places without a 
ready supply of gas—I have worked out another simple and rapid 
method which dispenses with heating entirely. In the latter 
method, the iron of the hemoglobin molecule is detached by the 
action of concentrated sulfuric acid as ordinarily done in the 
preparation of acid hematoporphyrin, the decomposition being 
facilitated with the aid of potassium persulfate. The interfering 
proteins are completely precipitated by tungstic acid and filtered 
off. Since the whole process involves no boiling, the concentration 
of acid in the unknown can be controlled absolutely and made 
exactly the same as in the standard for the production of color. 
The color developed is kept from fading away a much longer time 
than before by adding a quantity of potassium persulfate solution 
both to the unknown and to the standard. 

The new method is as follows: 


Reagents Required. 


All the reagents except the standard must be iron-free as shown 
by blank tests. 

1. Concentrated Sulfuric Acid. 

2. Sodium Tungstate.—Dissolve an appropriate amount of good 
grade sodium tungstate to make a 10 per cent solution. 

3. Saturated Potassium Persulfate—Introduce into a small 
glass-stoppered bottle about 7 gm. of pure potassium persulfate 
and shake up with 100 cc. of distilled water. The undissolved 
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portion settles on the bottom to make good any decomposition 
upon standing. 

4. Potassium Sulfocyanate.—Prepare apprceximately a 3 N solu- 
tion by dissolving 146 gm. of pure potassium sulfocyanate in dis- 
tilled water to make 500 ec. Filter if necessary. Add 20 cc. 
of pure acetone to improve its keeping quality. 

§. Standard Iron Solution.—Weigh out accurately 0.7 gm. of 
crystallized ferrous ammonium sulfate and dissolve in about 50 
ec. of distilled water. Add to the solution 20 ec. of dilute (10 per 
cent) iron-free sulfuric acid, warm slightly, and then add 0.1 n 
(approximate) potassium permanganate solution to oxidize the 
ferrous salt completely. Dilute with distilled water to 1 liter 
exactly. Each ce. will contain 0.1 mg. of iron for use as a regular 
standard. ‘To make weaker standards, dilute this standard solu- 
tion accordingly. 


Procedure. 


Transfer accurately with an Ostwald pipette 0.5 ec. of blood into 
a 50 ce. volumetric flask and introduce 2 ec. of iron-free concen- 
trated sulfuric acid. Whirl the flask to agitate the mixture for 1 
or 2 minutes. Add 2 cc. of saturated potassium persulfate solu- 
tion and shake. Dilute to about 25 ce. with distilled water and 
add 2 ce. of 10 per cent sodium tungstate solution. Mix. Cool 
to room temperature under the tap and then dilute to volume with 
distilled water. Stopper the flask and invert two or three times 
to effect thorough mixing. Filter through a dry filter paper into 
a clean, dry receiving vessel. Pipette exactly 20 ce. of the clear 
filtrate into a large test-tube graduated at 20 and 25 ce. 

Measure into another similar test-tube exactly 1 cc. of the 
standard iron solution containing 0.1 mg. of Fe per ce. Add with 
a graduated 1 ce. pipette 0.8 cc. of iron-free concentrated sulfuric 
acid and dilute to the 20 ec. mark with distilled water. Cool to 
room temperature under the tap. Now add to both the unknown 
and standard 1 ec. of saturated potassium persulfate and 4 ce. of 
3 N potassium sulfocyanate solution. Insert a clean rubber 
stopper, mix, and compare in a Duboscq colorimeter. 

Calculation.—As the 20 ce. of filtrate taken represent 0.2 cc. of 
the original blood, and the quantity of standard solution used 
contains 0.1 mg. of Fe, if the reading is made with the standard set. 
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at 20mm., then 20 divided by the reading (R) of the unknown 
and multiplied by 50 will give the number of mg. of Fe in 100 
ec.of the blood examined. To obtain the percentage of hemoglobin, 
divide this number by 3.35, since hemoglobin contains 0.0335 per 
cent of iron (2, 3). 


> x 50 = mg. of Fe per 100 cc. of blood. 
2 = percentage of hemoglobin in blood. 


TABLE I. 
Comparative Determination of Iron in Blood by Wolter’s Volumetric Method 
and by the New Colorimetric Method. 


mg. per 100 ce. mg. per 100 ce. 
TABLE II. 
Determination of Iron in Solutions of Pure Methemoglobin of Dog. 

Solution No. Concentration. Fe found. Fe calculated. 

per cent mg. per 100 ce. mg. per 100 cc. 
1 2.5 8.37 8.38 
2 3.0 10.07 | 10.05 
3 3.5 11.72 11.74 
4 4.0 14.40 14.40 


Accuracy.—Comparative determination of blood iron has been 
made by the new colorimetric method and by Wolter’s volumetric 
method (4) applied to the ash of 5 ec. of blood. The close agree- 
ment of the results obtained is shown in Table I. A pure speci- 
men of methemoglobin of dog has also been analyzed by the new 
method. The iron obtained and that calculated agree closely 
as seen in Table II. 
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SUMMARY. 


Another simple and rapid colorimetric method is described for 
the determination of iron in blood. 
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A SIMPLE RESPIRATION APPARATUS FOR DETERMINA- 
TION OF OXYGEN AND CARBON DIOXIDE IN 
INDIRECT CALORIMETRY. 


By J. F. MCCLENDON, HILDING C. ANDERSON, F. R. STEGGERDA, 
CLAIRE CONKLIN, ann MILDRED WHITAKER. 


(From the Laboratory of Physiological Chemistry, University of Minnesota 
Medical School, Minneapolis.) 


(Received for publication, March 8, 1928.) 


Although many forms of respiration apparatus have been de- 
scribed by Benedict and Collins (1), Hagedorn (2), Knipping 
(3), Krogh (4), McClendon, Humphrey, and Loucks (5), and 
Roth (7), we had not found one quite suitable for the use of stu- 
dents in the general course in physiological chemistry. Since 
basal metabolism is of diagnostic importance and the general 
course is all that is required of medical students, further simplifi- 
cation of the method seemed desirable. The student is required 
to show skill in the volumetric measurement of liquids but the 
measurement of gas volumes necessitates temperature control 
and detection of leaks in a manner quite different. ‘The appara- 
tus described below is an improvement on that of McClendon and 
Van Slyke (6) (Fig. 1). 

The principle of our method is the immersion of all the appara- 
tus in a single water bath of such size that the heat transmitted 
to the air in the lungs and the heat generated in absorption of COz 
do not change the temperature of the bath significantly. Fur- 
thermore, the spirometer domes when projecting from the water 
are enclosed in a box so insulated as not to vary from the tempera- 
ture of the water to a significant degree. The apparatus is kept 
in a room with ordinary temperature regulation and without 
large window or outside wall area. 

The essentials of the apparatus are shown in Fig. 2. The water 
bath is 48 inches high, 40 inches wide, and 20 inches thick, with a 
10 X 10 X 48 inch enlargement in front (for the soda-lime con- 
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tainer). In it are immersed two cylindrical celluloid (or copper) 
spirometer domes each 100 em. high, of 35.68 cm. bore, 112.1 em. 
internal circumference (112.4 cm. before bending), 0.0627 em. 
(0.025 inches) thick, and of 100 liters capacity. The center of 


AL iw 


Fic. 1. The prototype of the respiration apparatus of McClendon and 
Van Slyke. 


the top of each spirometer dome is connected to a 3°; inch 
roller bicycle chain (1 inch pitch) 150 cm. long, weighing 520 
gm. (each cm. weighs 3.53 gm.), that passes over a 30 tooth bicycle 
sprocket wheel, 25 cm. in diameter, and is attached to a meter stick 
marked in mm., for indicating the volume, and backed with lead so 
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as to counterbalance the weight of the dome. A vernier attached 
to the water bath marks the point to be read on the seale of the 
meter stick. 


Fic. 2. The respiration apparatus with celluloid spirometer domes hav- 
ing meter scales attached and telescope in place at left for reading this seale. 
A frame over the apparatus shows the outline of the wall-board box that 
was applied later. 


When the dome is immersed to the depth of | em. in the water, 
owing to the thickness of its wall it displaces 0.0627 X 112.4 X 
1 = 7.08 ce. of water which weigh 7.08 X 0.997 = 7.06 gm., 
but the chain is reduced 3.53 gm. on the seale side and increased 
3.53 gm. on the dome side and hence the changed setting of the 
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chain compensates for the buoyaney due to displacement of water. 
During experiments, one dome goes up as the other goes down and 
the general water level is not changed. 

On the front of the water bath is the enlargement containing a 
ean (4 inch bore, 48 inches high) with a wire gauze false bottom 
Sem. from the bottom and with the remainder filled with 5 kilos of 
soda-lime, and the top and bottom closed air-tight. The bottom 
of the soda-lime can is connected by means of a tube of 2.5 em. 
bore to a 3-way valve on the right and the top by means of a sim- 
ilar tube (bent down to the base of the can) to a 38-way valve on 
the left. 


Pia. 3. Valve container. Valves made of Visking sausage casings in 
1 inch glass tubing connected with rubber tubing. 


Kach 3-way valve is connected to a flattened tube of 1 X 10 
em. cross-section extending up through the water into the spirom- 
eter. The tube on the left contains a strip of cloth which 1s 
folded over into the water and acts as a wick to keep the air in the 
tube saturated with moisture. ‘The bottoms of the flattened tubes 
are connected to the outside by means of U-tubes filled with water 
which allow water overflowing into the tubes to escape and not 
go into the patient’s mouth. 

A mouthpiece or mask is applied to the patient and is connected 
to the open tube of the valve container shown in Fig. 3. The two 
side arms of the valve container are fitted with 4 em. lengths of 
Visking sausage easing (Visking Corporation, Union Stock Yards, 
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Chicago) that act as valves. One of these valves is connected by 
rubber tubing (1 inch bore) to the left 3-way valve and the other 
to the right. ‘The valves are kept moist with glycerol. 

In using the apparatus, we fill the left spirometer with fresh air, 
the CO. of which is absorbed by drawing it through the soda-lime, 
and its scale read; and the right spirometer is emptied (scale read- 
ing zero). A thermometer in the water is used to determine the 
temperature. The 3-way valves are turned so as to close off the 
soda-lime can and connect the spirometers with the mouthpiece. 
The mouthpiece and nose clip are attached to the patient (the 
stopper being removed from the valve apparatus). At the end of 
an expiration the stopper is inserted and a stop-watch started. 
Air passes from the left spirometer into the lungs of the patient 
and out into the right spirometer. When the left spirometer is 
nearly empty (in about 12 to 15 minutes) but at the end of an 
expiration, the stopper is removed, the stop-watch stopped, and 
the 3-way valves turned so as to cut off the spirometers. The 
scales of both spirometers are read and recorded. The 3-way 
valves are turned so as to cut off the mouthpiece but connect the 
spirometers through the soda-lime can. A 100 gm. weight is at- 
tached to the meter stick of the left spirometer which will slowly 
force the air from the right spirometer through the soda-lime into 
the left spirometer. 

The difference in the volume of the content of the left spirometer 
at the start and after receiving the air through the soda-lime is the 
oxygen absorbed by the lungs (assuming no nitrogen to be ab- 
sorbed). The difference in the volume of the content of the right 
spirometer and the final reading of the left spirometer is the CO. 
given out by the lungs. These gases are measured saturated with 
moisture at the temperature of the water bath and must be reduced 
to dryness, 0° and 760 mm. of Hg. 

The accuracy of the method depends on the constancy of the 
temperature. The room temperature should be very close to that 
of the water bath. We have used celluloid as the poorly con- 
ducting material for the walls of the spirometers. These spirom- 
eters easily become warped. We have also used copper spirom- 
eters varnished with celluloid. We have dissolved celluloid in 
40 per cent amyl acetate + 60 per cent acetone and found it satis- 
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factory as a varnish or cement for uniting pieces of celluloid when 
applied in a dry atmosphere. We applied a number of coats of 
celluloid varnish to the copper spirometers in order to decrease 
heat conduction. 

The most effective method of inhibiting heat transfer is the en- 
closure of the space occupied by the domes when they rise. This 
enclosure is best made of non-conducting wall-board (Insulite or 
Celotex) and coated inside with paraffin after having been made in 
the form of a box. The front of the box may be removed in —_ 
to get at the spirometer domes. 

The accuracy of the method depends on the constancy of the 
temperature and the accuracy of the mechanical construction, 
since 1 mm.on the scale is equivalent to 100cc.,and 0.1mm. may be 
read on the vernier. If the experiment is continued until the left 
spirometer is nearly empty, about 3 liters of O2 will be absorbed 
and the reading of the scale will be within 1 per cent. It is nee 
essary to have the bicycle wheels perfectly round. ‘This canbe 
tested by attaching a meter stick to the spirometer dome and read- 
ing it with a telescope shown in Fig. 1 at the same time that the 
regular scale is read. ‘This is repeated for several levels of the 
spirometer dome. ‘The right and left spirometers are checked 
against one another by connecting them through the 3-way valves 
before the soda-lime is introduced. 

The calorimeter is essentially a Haldane gas analysis apparatus. 
It has, however, two disadvantages over the ordinary Haldane 
apparatus. First, it is of larger size and hence more difficult to 
keep all parts at the same temperature, and secondly, the portion 
of the scale that is used cannot be stretched out as in the (glass) 
Haldane apparatus. The chief advantage over the Haldane 
apparatus is the avoidance of the necessity of washing the air out 
of the connecting tubes (on account of their small volume in com- 
parison to the size of the apparatus). After the soda-lime has been 
used a great number of times, it is necessary to verify complete 
absorption of CO2 by passing the air again through the soda-lime 
but always measuring it in the left spirometer (because this has the 
wick for saturation with moisture). The soda-lime may bere 
moved by opening the tube containing it at the bottom and re 
moving the wire screen false bottom, allowing it to drop out. 
Detection of leaks is made by turning the 3-way valves as for 
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absorption of COz and placing a 2 kilo weight on each dome. The 
reading of both scales is recorded and if found to decrease in 10 
minutes the leak is localized by various settings of the valves. 
Minute leaks may be stopped with beeswax or a mixture of bees- 
wax and vaseline. 

The apparatus has been used to determine basal metabolism in 
men and women and the normal subjects show normal values. 
Alcohol checks were made by burning weighed quantities of abso- 
lute ethyl alcohol (99.5 per cent alcohol, free from aldehyde) in a 
Pyrex alcohol lamp inside a lamp-chimney with a condenser at 
the upper end. The lower part of the lamp-chimney was con- 
nected to the left spirometer and the upper part through the con- 
denser to the right spirometer while the air was slowly forced 
from the left through the chimney into the right spirometer. The 
respiratory quotient in the alcohol checks varied from 0.652 to 
0.675. 

The following is an example of an alcohol check. In burning 
6.7 gm. of alcohol, 9.78 liters of O2 (corrected) were used and 6.47 
liters of COz (corrected) were produced, giving a respiratory quo- 
tient of 0.662. The theoretical O2 is 9.79 liters and theoretical 
R.Q. is 0.666. The low value of the r.g. may be partly due to 
failure to wash out the CO, from the connecting tubes and about 
3 inch of space at the top of the right spirometer when it reads 
zero. ‘This CO2 could be washed out, but as we do not do so in 
the routine determinations of respiration of man we did not do so 
in the alcohol checks. 

The alcohol checks are more accurate than measurements of 
respiration due to the variable ¢apacity of the “‘collapsed”’ lungs. 
The flip of the valves is used to determine the regularity of 
respiration. 
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A NEW BLOOD SUGAR METHOD. 


By OTTO FOLIN. 
(From the Biochemical Laboratory of Harvard Medical School, Boston.) 


(Received for publication, March 19, 1928.) 


The purpose of the investigation described in this paper was to 
develop a method for the determination of sugar in 0.1 cc. of 
blood. Heretofore I have not been much interested in so called 
micro methods of blood analysis, because one usually wants to 
determine more than one blood constituent, and whenever that is 
the case it is more practical to use larger quantities of blood and 
make the several determinations on one filtrate. The sugar prob- 
lem is, however, so distinct from the nitrogen problem that it would 
seem to merit separate consideration. 

In this method I have abandoned the use of copper solutions. 
The sugar is oxidized with alkaline potassium ferricyanide, and 
the ferrocyanide produced is measured colorimetrically as Prussian 
blue. The color obtained from 0.04 mg. of glucose in a 25 ce. tube 
is quite as deep as the color obtained from 0.2 mg. of sugar in the 
Folin-Wu method. Two separate determinations, therefore, can 
be made on the extract from 0.1 ec. of normal blood, and several 
determinations can be made when the extract is obtained from 
diabetic bloods with high sugar contents. 


Reagents. 


1. Dilute Tungstic Acid Solution.—Transfer 20 cc. of 10 per cent 
sodium tungstate solution to a volumetric liter flask. Dilute 
to a volume of about 800 ec. Then add with shaking 20 ce. of 3 
N sulfuric acid and dilute to volume. Add a little toluene to 
prevent the growth of moulds. 

2. Potassium Ferricyanide Solution.—Dissolve 1 gm. of c.P. 
potassium ferricyanide in distilled water and dilute to a volume of 
000 ce. The major part of this solution should be kept in the dark. 
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3. Sodium Cyanide-Carbonate Solution. —Weigh out 2 to 4 gm. 
of Merck’s sodium cyanide and dissolve in enough distilled 
water to make approximately a 1 per cent solution. Transfer 8 
gm. of anhydrous sodium carbonate to a 500 cc. volumetric flask 
and dissolve it by means of about 100 cc. of distilled water. With 
a cylinder add 150 cc. of the 1 per cent cyanide solution. Dilute 
the cyanide-carbonate mixture to volume, 500 cc., and mix. Dis- 
card the remainder of the cyanide solution. 

4. Ferric Iron Solution.—Transfer 30 gm. of gum arabic to a 
liter Florence flask and add 600 cc. of distilled water. Heat on 
the water bath, with shaking, until the gum has all dissolved. 
Transfer 5 gm. of ferric sulfate, Fe2(SO,);-9 HO, to another 
smaller flask. Add 75 cc. of 85 per cent phosphoric acid and 100 
cc. of water. Heat until the sulfate has dissolved. Cool both 
solutions and transfer them to a volumetric liter flask. Dilute to 
volume by gentle inversions. Vigorous shaking is undesirable, 
because the gum arabic tends to produce rather permanent foam. 
The solution may be filtered, but the filtration is slow and is 
scarcely necessary. 

§. Standard Stock Solution of Glucose.—Dissolve 2 gm. of 
benzoic acid in about 500 ce. of hot distilled water in a liter Flo- 
rence flask. Weigh out 2 gm. of c.p. (Bureau of Standards) 
glucose. Rinse the glucose by means of the warm benzoic acid 
solution into a volumetric liter flask. Add water to about 900 cc., 
cool to room temperature, dilute to volume, mix, and transfer to 
a clean glass-stoppered bottle. The solution contains 2 mg. of 
glucose per cc. 

From this solution one obtains the dilute working standard, 
containing 0.01 mg. of glucose per cc., by diluting 200 times. 

Transfer 0.5 gm. of benzoic acid to a 2 liter volumetric flask and 
add about 1500 cc. of distilled water. Add 10 cc. of the stock 
solution (5), and shake occasionally until the benzoic acid has 
dissolved. Dilute to volume, mix, transfer to a glass-stoppered 
bottle, and add a little toluene. It is best not to be constantly 
opening and contaminating this solution. Use only a part of it, 
in a separate container. , 

A little supplementary discussion concerning two of the reagents 
employed may prove helpful. 

A.—The ferric iron solution is perhaps unnecessarily strong in 
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gum arabic, but the Prussian blue which it yields when added to 
ferrocyanide solutions is very insoluble, and the uniform colloidal 
suspensions first obtained are soon converted into precipitates 
except for the presence of the protective colloid. Even with 
the 3 per cent gum arabic I find that the colorimetric plungers 
are apt to get coated with a thin blue film in the course of a long 
series of determinations. This film is instantly destroyed by 
immersing the plungers in a very dilute solution of sodium hydrox- 
ide. It may be remarked in passing that a small beaker of water 
is better than the colorimeter cups for rinsing the colorimeter 
plungers after each determination. 

B.—None of the available c.p. grades of potassium ferricyanide 
is completely free from ferrocyanide, but the traces of ferrocyanide 
present are so small in Merck’s, Baker and Adamson’s, and Baker’s 
c.P. ferricyanides that these brands can be used for routine determi- 
nations without any preliminary purification. 

No ferricyanide should be used, however, without first testing 
for ferrocyanide. ‘This test is made as follows: Transfer 2 cc. of 
a1 per cent solution of the salt to a clean test-tube, add 3 ce. of 
water and 1 cc. of ferric iron solution (4); the amount of blue color 
observed at the end of 5 minutes will show whether the product 
is reasonably pure. Practically every trace of ferrocyanide can 
be removed by a single recrystallization according to the process 
described below. 


Purification of Potassium Ferricyanide.—Transfer 100 gm. of c.P. potas- 
sium ferricyanide and 400 cc. of water to a liter beaker. Set the beaker in 
warm water (50°) and stir until solution is obtained. Simultaneously with 
this stirring, wash a 24 cm. filter on a suitable funnel with distilled water. 
Filter the solution through the washed filter into a flask; cover the mouth 
of the flask with a beaker, and cool the filtrate under running water. Trans- 
fer 600 cc. of alcohol to a flask and to it add about 0.1 cc. of bromine, shake 
a moment; transfer the cold ferricyanide solution to a 2 liter beaker and 
add, with stirring, the brominated alcohol. The ferricyanide comes down 
at once. Filter immediately through a well fitting hardened filter paper 
on a Buchner funnel (10 cm. diameter). Wash the (very fine) precipitate 
on the funnel with 150 cc. of aleohol to which have been added 2 or 3 drops 
of bromine; then wash with 100 ce. of ether also charged with bromine to a 
good straw-yellow color, and wash finally once with 25 cc. of ether contain- 
ing no bromine. The last ether should be removed as thoroughly as pos- 
sible by strong suction. Blow the precipitate on to a large watch-glass or 
plate and dry at about 50°. Yield 80 gm. 
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The secret of the success of this recrystallization is, of course, the pres- 
ence of bromine. The same process without bromine would yield a product 
materially worse than the starting product. As the bromine is gradually 
used up by the alcoho! and ether it is desirable to work rather rapidly. The 
whole process, aside from the final drying, should be finished in about 2 
hours. 


Preparation of the Protein-Free Blood Filtrate. 


One would ordinarily expect that the preparation of an adequate 
amount of blood filtrate from 0.1 ec. of blood would be more 
difficult than when working with larger quantities of blood. But 
aside from the one point of measuring 0.1 ec. of blood, the prep- 
aration of the filtrate is even simpler than is the preparation of 
the usual filtrates. This is so for two reasons. First, because 
one does not need to measure out separately, tungstate, acid, and 
water; the dilute tungstic acid solution (1) yields perfect pre- 
cipitation and practically at once. Second, in this case the 
centrifuge alone gives water-clear supernatant solutions; this 
saves time and material and incidentally eliminates the danger 
of contaminating the filtrate with reducing materials from filter 
paper. 

The preparation of the usual, 1:10, Folin-Wu blood filtrates 
from small amounts of blood is often beset with difficulties. 
The tubes in which the bloods are collected usually contain enough 
anticoagulant (oxalate, fluoride, or citrate) for at least 10 cc. of 
blood. If then only 1 or 2 ce. of blood are actually collected the 
result is a relatively enormous excess of anticoagulant. In the 
hands of technicians these conditions are very apt to yield more 
or less colored or very acid filtrates, and erroneous figures. The 
disturbing effects of too much anticoagulant are less prominent, 
if not entirely eliminated, when the precipitation is made under 
the new conditions described above. Yet in actual work with 
finger blood one uses no anticoagulant at all. 

The method described here should be particularly useful for 
work on small animals, but its widest use should be in its applica- 
tion to human subjects. Even among physicians there are still 
many who dislike, for lack of experience, to draw blood from 4 
vein, and non-medical laboratory workers often hesitate for fear 
of possible legal consequences. Scarcely any one will hesitate 
about pricking a little hole through the skin deep enough to get 
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2 or 3 drops of peripheral blood. No skill is required, since an 
ordinary spring lancet will do it automatically. 

As a novice in the use of such blood I have felt the lack of 
definite information as to how it should be taken. When blood 
is taken from the lobe of the ear, a finger tip, or near the root of 
a finger nail, it would seem more or less inevitable that the first 
step would be and has been to collect a few drops in some recepta- 
cle, just as is usually the case when blood is taken from a vein. 

While such a process can be made fairly satisfactory and in 
some cases may be unavoidable, it is open to the objection that 
considerable error may occur, because of evaporation. Since an 
excess of blood must be collected, it also defeats, in a measure, the 
primary aim of a micro method. While studying this problem I 
found that very practical 0.1 ec. pipettes can be made, the filling 
of which requires neither the force of gravity nor suction. In 
glass tubes having an internal diameter of 1.0 to 1.7 mm., water 
will rise by capillary attraction alone to a vertical height of 1.5 
to2ecm. 0.1 ce. will fill such tubes to a length of from 5 to 8.0 
cm. (from the tip). Pipettes made from such tubing can thus be 
filled automatically to the 0.1 ce. mark just as the capillary 0.01 
ec. blood count pipettes are filled; in fact, much better, because 
the speed with which the first named fill is slower, and can be 
regulated by varying the upward angle at which they are held. 

From the 0.1 ec. and 0.2 ce. pipettes with attached rubber tubing 
and mouthpiece, already listed in catalogues, one may infer that 
some attempts have been made to collect blood directly from the 
bleeding finger or ear by means of such pipettes, but any one 
who will try to do so will find that the failures are altogether too 
numerous because of sucked in air bubbles. The automatic 
pipettes described here do not collect air bubbles. The automatic 
pipettes are made to contain (not to deliver) 0.1 ce. 

They must be accurate, of course, and should be calibrated by 
means of mercury (0.1 ce. of mercury weighs 1.355 gm.). To fill 
such a pipette exactly to the 0.1 cc. mark with mercury, collect 
an excess of mercury by suction, then hold the pipette in a nearly 
horizontal position over a beaker and gently tap and scrape the 
tip against a watch-glass. The excess of mercury can thus be 
removed in the form of exceedingly small globules, until the 
upper level corresponds exactly with the ring representing the 
0.1 ec. mark. 
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The analyses reported in this paper were made with the help 
of home-made pipettes, but very good “‘micro blood pipettes” can 
now be obtained from Eimer and Amend. 

One quite essential point in connection with these pipettes is 
that they must be clean—free from fat films. Unless they are 
clean they will not fillspontaneously. After they have been used, 
they should be immersed, therefore, in cleaning fluid, at least for 
a few minutes, before being rinsed and dried. 

The accurate collection of as little as 0.1 cc. of blood has been 
one of the important obstacles to the use of so called micro methods, 
but I am now positive that no significant error need be made in 
the collection of 0.1 ec., by means of the pipette described above. 

The collectionis made as follows: Wash the finger with soap and 
hot water. Apply the lancet firmly and release the spring. If 
the cut is deep enough sufficient blood will come out freely; if it 
comes only very slowly, a little firm milking movement or pressure 
applied to the finger will bring it out. It is not at all necessary 
or even desirable that 0.1 cc. should have accumulated before one 
applies the pipette. Collect that which has come, and press out 
some more, and repeat until the pipette is filled to the mark. If 
the pipette is clean, it will take up the blood so neatly that scarcely 
one single extra drop is necessary for the accurate collection of 
0.1 ee. Collect the blood to the 0.1 ce. mark, or a little above; 
wipe off the tip with a piece of soft filter paper or cloth; adjust the 
level of the blood to the 0.1 ec. mark by means of capillary suction 
from the paper (or cloth) and transfer at once to a 15 ec. centrifuge 
tube containing 10 cc. of dilute tungstic acid solution. Rinse the 
pipette with the contents of the centrifuge tube. 


A piece of fine linen handkerchief is better than filter paper for adjusting 
the blood to the 0.1 ec. mark. 

A still better method is to use a clean glass surface such as the side of 4 
test-tube and to depend partly on the force of gravity: 

Wipe off the outside blood with a filter paper, then slowly draw the 
pipette, as though it were a fountain pen, along the glass surface until the 
correct level is attained. If accidentally a little too much blood has es- 
caped, it remains on the glass and can be drawn into the pipette again by 
moving the pipette toward a more horizontal position. A second wiping of 
the pipette can he done after the adjustment is finished by first slanting 
the pipette so that the blood moves away from the tip. It is doubtful, 
however, whether the second wiping is called for. . 
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In this process no oxalate or other anticoagulant is used, for 
there is ample time for the collection and transfer of the blood 
before clotting occurs. 

Stir the mixture in the centrifuge tube thoroughly, preferably 
at once, with a rather fine glass rod or with the pipette. Remove 
the rod and centrifuge for 3 to 5 minutes. Fully 9 ce. of perfectly 
water-clear solution are obtained, which in normal cases will 
contain from 0.007 to 0.014 mg. of glucose per ce. 

Determination.—Transfer 4 cc. of the blood extract to a test- 
tube graduated at 25 cc., and transfer 4 cc. of the standard glucose 
to another graduated test-tube. By means of burettes, or 5 ce. 
Folin-Wu blood pipettes, add 1 ec. of the 0.2 per cent potassium 
ferricyanide solution (2) and 1 ee. of cyanide-carbonate solution 
(3) to each test-tube. Heat both tubes in a beaker of boiling 
water for 8 minutes. Cool, and add (with a 10 ee. blood pipette) 
3 cc. of the acid ferric iron solution (4) to each tube. The iron 
solution should be added down the side of the tube to prevent 
foaming. Mix by a little gentle shaking, let stand for 5 minutes, 
then dilute to volume, mix, and make the color comparison, not 
omitting first to read the standard against itself. 


If the standard, 0.C4 mg., is set at 20 mm., then PR xX 100 gives 


the sugar of the blood in mg. per cent (mg. per 100 ec.). 

This calculation is subject to a theoretical, but negligible, error, 
in that no account is taken of the water added in the form of blood. 

If R, the reading of the unknown, is over 30 or under 138, it is 
perhaps best to repeat the determination, 2 ec. of the standard, 
or 2 cc. of the unknown, plus 2 ec. of water being used. When | 
purified ferricyanide is used, one can as a matter of fact make 
perfect color comparison even when the standard or the unknown 
is twice as strong as the other, by first making a suitable adjust- 
ment of the yellow color due to surplus ferricyanide. When the 
colors of the standard and the unknown are seen (before the dilu- 
tion) to be very far apart, include in the dilution the addition of 
up to 1 ec. of ferricyanide solution to the tube whose contents 
are much more blue than the other. By this simple device, which 
takes only amoment and requires very little accuracy or judgment, 
one can get practically perfect figures for 0.02 mg. and for 0.08 mg. 
of glucose when read against the 0.04 mg. standard. 
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When working with diabetic blood filtrates it is, of course, 
essential to make sure that an excess of sugar is not present. Some 
yellow color from unreduced ferricyanide must be present when the 
tubes are removed from the water bath. 

One word of caution may be advisable. It would be a trifle 
simpler first to mix equal volumes of reagents (2) and (3), the 
alkali and ferricyanide, and then add 2 cc., instead of adding 1 ee. 
of each, as described. Such asimplification would be sure, however, 
to lead to many less accurate results. Even very slightly alkaline 
solutions of potassium ferricyanide gradually yield ferrocyanide 
especially when exposed to light, even diffuse daylight. This 
change is particularly rapid when the alkali contains sodium cya- 
nide, and in this case, curiously enough, the autoreduction to 
ferrocyanide takes place more rapidly at room temperatures than 
in boiling water. It is, therefore, clearly safer and more correct 
to add the alkali separately and only just before one is ready to 
put the tubes in the boiling water. 

It will be noted that the Folin-Wu blood sugar tubes, so essen- 
tial in the copper methods, are not prescribed in this new method. 
They are not prescribed because in this case there is no danger of 
reoxidation. 

Inasmuch as the new method described in this paper is quite 
different from any other method, it has seemed desirable to show 
by a series of analyses how the figures which it yields compare 
with the figures obtained by the Folin-Wu method. 

In this work I have enjoyed the very competent assistance of 
H. I. Coombs, who also has made some accurate 0.1 ec. pipettes 
for me. 

Since the new method presumably will be used mostly with 
capillary blood, while the Folin-Wu method is used almost entirely 
with venous blood, a comparison between the two methods must 
include, first, a comparison based on the use of the same sample of 
(venous) blood or blood filtrate, and, second, a comparison based 
on venous and capillary blood. Comparisons of this kind are 
shown in Tables I and II. 

In order to determine the true difference in sugar content of 
venous and capillary blood one must, of course, use the same 
method on both. A comprehensive study of this sort does not 
come within the scope of this paper. But our determinations 
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have incidentally supplied us with a few figures obtained by the 
new method on venous and capillary blood. These are given in 


Table III. 
TABLE I. 


Showing That on the Same Sample of Blood (or Blood Filtrate) the New Method 
Gives Unmistakably Lower Values than the Folin-Wu Method. 


Sugar in mg. per cent. 
Sample No. 
Folin-Wu. New method. Difference. 
1 308 280 28 
y 288 272 16 
3 286* 232* 54 
4 294 285 9 
5 230 218 12 
6 220 : 202 18 
7 196 186 10 
8 164 148 16 
4) 150 138 12 
10 143 138 
11 122 113 9 
12 116 99 17 
13 115 99 16 
14 108 95 13 
15 105 91 14 
16 93 88 5 
17 1107 98t 12 
18 1807 1687 12 


* This determination was verified by repetitions. 
} Nephritic blood high in non-protein nitrogen. 
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TABLE II. 


Indicating That the New Method with Capillary Blood Will Usually Yield 
Somewhat Lower Values than Are Obtained on Venous 
Blood by the Folin-Wu Method. 


Sugarin mg. per cent. 


Subject. Venous Finger 
method. method. 
Ci-i. 115 106 9 6 hrs. after meal. 
~Br-n. 122 113 hr. 
Wo-n. 93 94 17 hrs. “ 
Bu-n. 108 95 13 
Se-l. 108 99 
TABLE III, 


Simultaneous Sugar Values Obtained on Venous and Capillary Blood of 
Normal Persons (Students), with New Method. 


| 
| 


Sugar in mg. per cent. 


Subject. 
Ci-i 99 106 7 6 hrs. after meal. 
Br-d G4 3 6 
Br-n 102 113 11 hr. 
Wo-n 43 SS —§ 
95 13 3 
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ACCELERATION OF GROWTH RATES BY DIETARY 
MODIFICATIONS.* 


By ALBERT G. HOGAN, JESSE E. HUNTER, anp 
HARRY L. KEMPSTER. 


(From the Departments of Animal Husbandry, Agricultural Chemistry, and 
Poultry Husbandry, University of Missouri, Columbia.) 


(Received for publication, February 24, 1928.) 


Recent investigations have indicated that “normal” growth may 
fall far short of optimal or maximum growth. Thus Osborne and 
Mendel (1) devised rations that brought about an accelerated 
growth rate of rats, far more rapid than any previously recorded, 
and so far as we are aware the first successful attempt to induce 
“supernormal” growth by dietetic measures. These investiga- 
tors prepared rations that, so far as present knowledge goes, supply 
all nutrients in liberal quantities, but the accelerated growth rate 
was not definitely associated with any recognized constituent. 

Our interest in the possibility of greatly improving growth 
rates, by adjustments of the ration, began during our studies of 
the nutritional requirements of the chick. It was a common ex- 
perience that within the same group some individuals would re- 
spond to the ration much more satisfactorily than others, and we 
gradually became convinced that the high degree of variability 
was due to unsuspected dietary inadequacies. We then attempted 
to devise a ration that would permit a group of chicks to grow 
at a more uniform rate, and the one finally adopted has been quite 
satisfactory. The mortality is low, the variability is reduced, and 
the average rate of growth is much more rapid than we had pre- 
viously obtained. The composition of the ration, our Ration 634, 
is given in Table I. Our method of caring for baby chicks is 
described in some detail in a previous publication (2) from this 
laboratory. 


* Published with the permission of the Director of the Missouri Agri- 
cultural Experiment Station. 
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Before proceeding with a description of our own work, it might 
be well to mention briefly some of the data available on the growth 
rate of the White Leghorn chick. The most rapid growth hitherto 
recorded that has come to our attention, at least for the first 12 
weeks after hatching, was reported from the Kentucky <Agricul- 
tural Experiment Station (3). In this paper the growth of two 
groups is described, one of which was reared artificially in a 
brooder, while the other group was reared with hens, under more 
natural condition. The mortality was lower in this latter group, 
and the growth rate higher. 

During our earlier studies, concerned primarily with the effec- 
tiveness of Ration 634, we used thirty-seven individuals, divided 
in three groups. In one group of four, and another of seven, there 
were no mortalities, but in another group of twenty-six there were 
four deaths within the first 4 weeks, though we are not certain 
that any of the mortalities could be attributed to the ration. One 
death was due to accidental injury in the brooder, one to an affec- 
tion of the lungs, one to anal rupture, and one to intestinal obstruc- 
tion. Regardless of the cause of the deaths, however, the total 
mortality up to 12 weeks was 11 per cent. Subsequently the 
chicks were transferred to less favorable quarters, and there were 
two more deaths, which we attributed to close confinement during 
the high summer temperatures. These two individuals are not 
included in our average weights, however. 

During more recent investigations, not described in detail in 
this paper we reared fifteen chicks on Ration 634, with no mortali- 
ties. In a group of seventeen, started ona modification of this 
diet, however, there were two mortalities. The solid portion of 
the ration was the same, but instead of water the chicks were given 
skim milk to drink, kept before them constantly. We estimate 
then that of the original 69 chicks, the mortalities amounted to 
six, or 9 per cent. 

Qur earlier observations are summarized in Fig. 1. We are 
not including any measure of the degree of individual variability. 
However, of the thirty-one individuals included in Fig. 1, only one 
individual, a male, was below the normal weight, as described in 
the paper from the Ixentucky station. 

It would be desirable to know to what constituents of Ration 
634 are to be ascribed its peculiar nutritional value, assuming that 
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it really has some unique properties. In our first attempts to 
secure a ration that is invariably satisfactory for the growth of 
chicks, we used a ration described by Slonaker (4), our Ration 400. 
The results with this diet were unsatisfactory, however, as some 


Curves Missoupt stock | 

1050 Cupve$ 2and 5, all avatlable data | 

Curves 3 and §, standard for Normal | | 

| | | | | 

| 
| 
450 

300 

| Le | | | | 

| | 


cp 
oy 


Days 0 10 20 30 40 20 60 100 
0 10 20 30 40 50 60 0 
Age 
Fic. 1. Growth of the White Leghorn chick. Four chicks are repre- 
sented in Curve 1, three in Curve 4, seventeen in Curve 2, and fourteen in 
Curve 5. The chicks described in Curves 1 and 4 were obtained from the 
University poultry flock. Curves 2 and 5 include these seven, and in 
addition twenty-four more obtained from a commercial hatchery. The 
standard of normal growth is the more rapid of the two reported by 
Buckner, Wilkins, and Kastle. 


groups grew well, while others did very poorly. It seemed that 
the ration contained too low a proportion of some essential con- 
stituent, or constituents, so it was modified to form Ration 634, 
which seemed entirely satisfactory for our purpose. We have 
made, therefore, some preliminary observations that may indi- 
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cate the deficiencies of Ration 400, when used as a diet for baby 
chicks. ‘The rations used are given in Table I. 

We have not attempted an exact comparison of these four 
rations, but our data, even though limited, have led us to believe 
that neither Ration 696 nor 697 is much superior to Ration 400, 
and that all are definitely inferior to Ration 634. We have tabu- 
lated the weights of comparable groups in Table II. 

It would be interesting to know more precisely why Ration 634 
is superior to No. 400 for our purpose, but we have not attempted 


TABLE I. 
Composition of Rations. 

per cent per cent per cent per cent 
65.5 57.6 63.5 55.6 
Commercial casein ............... 14.5 12.8 14.0 12.3 
2.9 2.6 2.8 2.5 
Caleium carbonate................ 1.5 1.3 1.5 1.3 

TABLE IIL. 


Growth of the Chick on Modifications of Ration 400. 


| 
No. of individuals............. 59 59 39 | 79 
Average weight at 8wks., gm. 412 346 458 402 | 440 347 | 720. 559 


as yet to obtain definite evidence. Our original hypothesis, 
however, was that Ration 400 does not supply the chick with 
enough of either vitamin B or vitamin D for maximum growth. 
We have also attempted to secure supernormal growth of the 
turkey, though we are uncertain as to the degree of success we have 
obtained, because of the lack of standards. The turks were sup- 
plied with Ration 634, and skim milk was kept before them con- 
stantly, water being entirely withdrawn. Until they were 8 weeks 
of age they were confined to small pens in the laboratory, but they 
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were then gradually transferred to outdoor pens! and allowed con- 
siderable range. Our observations are presented graphically in 
Fig. 2. 

Standards for comparison are fragmentary but for our purpose 
the most useful data are those published by Brooks (5), who re- 
ported the weights of Bourbon Red turkeys at various ages. 
Since these were presumably reared under the most favorable 
conditions modern practice can supply, we believe a comparison of 
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Fic. 2. Growth of the Narragansett turkey. 


our data with his should give some indication as to whether or not 
the ration we have employed will support growth of turkeys at a 
more rapid rate than has been previously attained. Brooks does 
not report the sexes separately, but he states that in 1923, twenty- 
eight turkeys had an average weight of 11.07 pounds at 24 wecks 


1We are greatly indebted to Dr. A. J. Durant of the Department of 
Veterinary Medicine, who took charge of the turks at this time, and who 
kindly furnished us with a record of their weights. 
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of age. At that age the average weight for our males was 17.11 
pounds, and for the females 11.88 pounds. In fact the lightest of 
our turkeys, a female, was heavier than the average reported by 
Brooks. Possibly we should add that Bourbon Red and Narra- 
gansett turkeys are about the same size, as indicated by breeders 
standards (6). According to these at 12 months the standard 
weight of a male is 20 pounds, and the standard weight of a female 
is 14 pounds. 

We believe the point worth mentioning that though Ration 
634 is superior to some others that have been used, we are not 
certain as yet that the rapid growth rate observed is due to the 
ration alone. Our feeding trials with chicks were carried out 
under strictly laboratory conditions, and so they were confined 
constantly to small pens. Ordinarily that would be regarded as 
a handicap, but it may be that confinement is conducive to rapid 
growth. Furthermore the quarters were thoroughly disinfected 
after each feeding trial, and so the growth rate may have been due 
merely to freedom from disease. Other possible explanations 
may be found in the avoidance of exposure to cold or wet weather, 
or to drafts. 

We are attempting to devise a practical poultry ration that will 
support supernormal growth, but it remains to be seen whether 
such a ration is of any value under commercial conditions. 
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THE VALUE OF IRON SALTS IN COUNTERACTING THE 
TOXIC EFFECTS OF GOSSYPOL.* 


By WILLIS D. GALLUP. 


(From the Department of Agricultural Chemistry Research, Oklahoma 
Experiment Station, Oklahoma Agricultural and 
Mechanical College, Stillwater.) 


(Received for publication, February 24, 1928.) 


The fatal results which often follow the prolonged feeding of large 
amounts of cottonseed meal to many-animals are well known. Many at- 
tempts have been made to avoid such results and some have met with con- 
siderable success. Several years ago Withers and Brewster (1) reported 
successful attempts to avert this so called cottonseed meal toxicity in rab- 
bits by administering iron salts to the animals on cottonseed meal diets. 
These investigators were led to employ iron as an antidote on the assump- 
tion that the toxic principle of the meal was a constituent of the protein 
molecule which acted upon the iron of the blood. Later researches by 
Withers and Carruth (2) showed the toxic substance to be gossypol. In 
the study first mentioned, a number of animals was given access to cotton- 
seed meal diets which furnished 15 gm. of cottonseed meal per animal, per 
day. Another group of animals was given the same amount of meal, with 
the addition of 0.3 gm. of citrate of iron and ammonia. As a result, the 
average span of life for the animals not receiving iron was 13 days, but the 
animals receiving the iron in their diet were alive and normal after 41 days. 

The investigation was continued by Withers and Carruth (3), who em- 
ployed copperas and ferric chloride in two different amounts to overcome 
cottonseed meal poisoning in young pigs. Their results show that the iron 
had a decidedly beneficial effect, since deaths were either postponed or 
averted, and the animals made better gains. 

The amount of soluble iron used in these feeding experiments was in the 
case of the rabbit feeding 0.4 gm. per 100 gm. of meal, and in the case of the 
pig feeding 0.4 gm. in one instance, and twice this amount in another in- 
stance, per 100 gm. of meal. Since the only source of iron, other than 
that purposely added, was confined to the small amount present in the meal 
and corn which made up the diets, the investigators were of the opinion 


* Published with the permission of the Director of the Oklahoma Agri- 
cultural Experiment Station. The author desires to express his apprecia- 
tion of the interest taken in this work by Dr. V. G. Heller. 
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that the beneficial effects of the added iron were ‘‘due to the formation of 
an insoluble iron salt of gossypol or one of its derivatives together with the 
catalytic acceleration of the oxidation of gossypol and perhaps a tonic 
action of iron on the system.”’ 

McGowan and Crichton (4), who also studied the effect of iron on the 
well being of pigs on cottonseed meal diets, ascribed the deleterious effects 
of the meal to a deficiency of iron, but many other experiments have quite 
conclusively proved that although injury may sometimes result from a 
deficiency of iron, excellent results can usually be obtained if the gossypol 
is destroyed before feeding the meal. Quite recently a number of studies 
dealing with the value of different forms of iron for correcting nutritional 
disorders has been reported, but there seems to be no direct connection 
between these studies and the one reported here. 


EXPERIMENTAL. 


This investigation had for its original purpose to determine 
whether the addition of 0.2 per cent ferric oxide (Fe203) to rations 
made up with cotton seeds for digestibility studies (5), would havea 
retarding effect on the physiological action of the gossypol. At the 
same time a much broader study dealing with certain phases of 
cottonseed meal feeding was being conducted in cooperation with 
the dairy department, and this study called for more definite 
information on the nutritive value of iron in cottonseed meal 
feeding. The scope of the project was therefore widened to in- 
clude such information as could be obtained and appeared to be 
necessary for the proper procedure of the work. Albino rats, 
selected from a sturdy stock reared in this laboratory especially 
for this study, were used as experimental animals. ‘They were 
kept under close observation in galvanized screen cages, and 
weighed every 10 days. 

A quantity of cotton seeds sufficient to last throughout the 
experiment was delinted with sulfuric acid and analyzed for its 
gossypol content. It has been previously demonstrated (6) that 
the toxicity of cotton seeds is due to gossypol alone and is directly 
related to the amount of this substance present. It was first 
planned to extract the gossypol from the seeds and add to aliquot 
portions of the extract varying amounts of the iron salts. The 
extracts were then to be added to a basal diet for the rats. Since 
iron reacts almost immediately with a solution of gossypol in 
the test-tube, this procedure was abandoned on the grounds that 
it did not necessarily represent the reactions which might take 
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place in the digestive tract. Instead, the cotton seeds were used 
in diets in such amounts that they constituted either 10 or 20 per 
cent of the diet, and the iron salts were added in a finely powdered 
form. All the feeds were ground sufficiently fine to prevent a 
separation of the constituents by the animals. For controls by 
which comparisons might be made between the animals receiving 
the experimental diets and those subsisting on similar but non- 
toxic ones, a group of animals was given access to the same basal 
diet made up with autoclaved cotton seeds without the addition of 
iron salts. Autoclaving destroys the gossypol and leaves the 
seeds non-toxic (7). The composition of these diets was as follows: 


Iron salts. 


The experimental diets were prepared in small amounts and the 
cod liver oil added to a 10 day supply. ‘The iron salts used in the 
first part of this study were ferric oxide (Fe,O;) and ferric citrate. 
The diets were prepared separately for each set of experiments in 
such a manner that only the percentage of wheat was varied 
shightly by the addition of different amounts of iron salts. The 
ratio of cotton seeds to iron was in every case, therefore, as 20 or 10 
is to x, with x representing the different amounts of iron as calcu- 
lated from the salt used. Several of these diets were analyzed for 
their total iron content, but the amount found was in such close 
agreement with the theoretical amount added that this step was 
not included in the general procedure. Special precautions were 
taken to avoid the seattering and separation of the food by the 
animals, by the use of feed containers which largely prevented 
scattering, and by restricting the daily allowance to amounts only 
sightly more than the average daily consumption. All of the 
animals, except those receiving the raw cotton seeds without iron, 
ate readily and showed no distaste for the food. 

The results of the first part of this feeding work are shown in 
Table I. Unless otherwise stated, the growth records presented 
throughout this paper are the averages made by an equal number 
of males and females. 
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RESULTS AND DISCUSSION. 


A comparison of the results presented in Table I points to some 
relationship existing between the proportion of cotton seeds in the 
diet and the amount of soluble iron required to offset or delay their 
toxic effects. The toxic nature of the seeds is shown by the fatal 
results obtained when the seeds in the absence of added iron made 
up as much as 20 per cent of the diet, whereas the excellent results 
obtained when the autoclaved seeds were used in similar amounts 
verify the results reported in previous studies (7). The ferric 
oxide used in the two different amounts in combination with the 


TABLE I. 
Animals on Diets Containing Iron and 20 Per Cent Cotton Seeds. 


Iron salt used. | Growth record. 
Iron pyra- 
Ferrie | Ferric | | tion of | No. of | | Average | 
oxide. | citrate. cotton animals.| | 
per cent | per cent gm. days gm. gm, gm. gm. 
30 4 80 15 2 
(Autoclaved seeds.) 76 4 75 110 1.5 
0.2 0.7 30 + 86 13 
0.5 Fe 30 4 95 15 2 
0.3 0.3 76 4 94 38 0.5 
0.6 0.7 76 4 115 60 0.8 
1.5 & 76 4 94 66 0.9 
1.5 ee 76 4 49 95 1.2 
3.0 3.4 76 4 89 24 0.3 


cotton seeds did not aid in overcoming the toxicity. The ferric 
citrate, when added to the extent of 1.5 per cent of the diet, allowed 
the animals to make the best gains, although their growth was 
still below normal and when this amount of iron was increased or 
decreased even smaller gains were made. No doubt the iron was 
itself a contributing toxic factor in the larger amounts, whereas in 
smaller amounts the toxic action of the gossypol predominated. 

Since a diet composed of 20 per cent raw cotton seeds proved to 
be so extremely toxic, as a result of the high gossypol content, it 
seemed proper to reduce this amount to a level at which the 
animals would be able to make something like normal growth. If 


| 
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the relation between iron and gossypol were a quantitative one, 
then it might be predicted that the level of iron might be lowered 
proportionally and results similar to those above obtained. Such 
proved to be true, as shown in Table II. 

The analysis of the cotton seeds showed that they contained 
0.503 per cent gossypol, and from the foregoing results it might 
be reasoned that nearly 2 gm. of iron were required for its complete 
destruction or precipitation in the digestive tract as an insoluble 
compound. Certainly some such situation as this must exist since 


TABLE II. 
Animals on Diets Containing Iron and 10 Per Cent Cotton Seeds. 


Iron salt used. Growth record. 
Iron per 
Ferie | | | No. of Average 
oxide. citrate. cott . animals. weight. gain. gain 
s. 
per cent per cent ym, days gm. gm. gm, 
76 4 72 63 0.8 
(Autoclaved seeds. ) 76 4 65 101 1.3 
0.2 1.4 76 4 94 57 0.7 
0.5 3.5 76 4 79 58 0.7 
0.3 0.6 76 + 63 64 0.8 
0.3 0.6 60 4 o4 56 0.9 
0.6 1.4 76 4 77 106 1.4 
0.6 1.4 76 4 ol 104 1.4 
1.0 2.2 76 + o7 101 1.3 
1.5 3.4 76 3* 65 70 0.9 2 
1.5 3.4 76 a 70 45 0.6 


* Two females and one male. 


the animals were able to make excellent growth without the added 
iron only in the absence of gossypol. However, there is reason to 
believe that during the absorption of material in the digestive 
tract, all of the iron would not be available for the precipitation of 
the gossypol and a considerable amount would be combined, 
possibly as an iron sulfide. Due to the insoluble nature of gossypol 
in weakly acid solutions, it does not seem likely that the gossypol 
would combine with the iron while in the stomach. If, on the 


other hand, the iron acted only as a catalytic agent for the oxidation 
of gossypol, one might expect 0.6 gm. of ferric citrate to be almost, 
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if not equally, as effective in bringing about the oxidation of the 
gossypol contained in 20 as in 10 gm. of seeds, and the quantitative 
relation between iron and gossypol which was accompanied with 
good growth would not be apparent. 

The question therefore arose: How much iron will combine with 
gossypol under favorable conditions? It has been known for some 
time that these two substances react, but many difficulties have 
stood in the way of taking advantage of this reaction for the esti- 
mation of gossypol or even its identification. To answer this 
question, a quantity of gossypol was prepared from its acetate salt 
after the manner described by Carruth (8). After purification, 
this material was dissolved in alcohol in such amounts that 1 cc. of 
the resulting solution contained 1 mg. of gossypol. A number of 
iron standards were prepared, ferric ammonium sulfate and ferric 
citrate being used, and these used in a series of experiments to 
determine the weight of iron that would combine with 1 mg. of 
gossypol. In one series of experiments ferric ammonium sulfate 
was added in amounts which represented between 0.1 and 0.5 mg. 
of iron to 1 cc. portions of the gossypol solution. After the reac- 
tion had taken place, the excess iron was oxidized with KMn0, 
and determined colorimetrically in the diluted solution. The 
results of this work in which both gossypol and iron were varied 
within certain limits were not entirely satisfying, although indica- 
tions were obtained which pointed to the formation of a definite 
compound of gossypol containing loosely bound iron. 

In another set of experiments equal amounts of the ferric citrate 
solution were added to different amounts of gossypol contained in 
a dilute solution of alcohol made slightly alkaline with sodium 
hydroxide. Precipitation occurred almost immediately except 
when the concentration of either iron or gossypol was relatively 
low, and then only after standing a number of hours, or on neutrali- 
zation of the excess alkali. The precipitates were filtered, washed, 
ignited, and analyzed for iron. Blanks were always run at 
the same time and a correction made for the amount of iron ab- 
sorbed by the filter paper. Representative results obtained in 
these determinations have been presented below, since they lend 
support to the theory that iron combines with gossypol in amounts 
proportional to the quantity of gossypol present. However, when 
the amount of iron added was varied between wide limits, the 
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results were less consistent and until all the factors which control 
the above reaction have been carefully studied, no definite state- 
ment can be made as to the amount of iron that will combine with 
gossypol or completely precipitate it from its solution. 


Gossypol. Iron added. Iron in precipitate. |  /TOn Per ing. of 
mg. mg. mg. mg. 
1 0.5 0.052 0.052 
2 0.5 0.111 0.055 
3 0.5 0.175 0.058 
4 0.5 0.222 0.055 
4) 0.5 0.269 0.054 


As previously shown in the feeding experiments, between 0.14 
and 0.22 gm. of iron was required to counteract the effects of 
0.050 gm. of gossypol which was contained in diets composed of 
10 per cent cotton seeds. The ratio of gossypol to iron might 
then be roughly expressed as 1:3, which, according to the above 
figures is all out of proportion with the experimental findings and 
a much wider range than should be necessary if all of the iron 
added were available for this reaction. In view of this, it seems 
reasonable to believe that an excess of iron must be present in the 
digestive tract to satisfy certain anions which either remove the 
iron from the gossypol-iron compound or precipitate the iron 
previous to its combination. ‘There is also the possibility that 
the iron was performing some other and equally necessary func- 
tion, although the amount of iron involved is far in excess of that 
required for normal metabolism. In fact, the animals were 
receiving daily over 10 times the amount of iron which Mitchell 
and Vaughn (9) supplied their rats to effect a recovery from nutri- 
tional anemia, and furthermore, no symptoms characteristic of 
iron deficiency have been observed in animals reared through 
several generations on cottonseed diets made up with autoclaved 
seeds. It should be pointed out that in no instance did the addi- 
tion of iron, even in the most favorable amounts, to a diet contain- 
ing 20 per cent raw seeds, account for as good growth of the 
animals as did those diets prepared with the equivalent amount of 
autoclaved seeds. Equally as good results have been obtained 
when the gossypol was removed by extraction as when destroyed 
by autoclaving. 
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An attempt was made to determine the distribution of iron in 
the intestines of several of the animals with the hope of being 
able to identify the iron-gossypol compound. Such results as 
could be obtained, however, were subject to much criticism and 
were not of a nature which warranted reporting. The total 
amount one might expect to find in the entire intestinal contents 
would represent less than 10 mg. of gossypol, and until more deli- 
cate and reliable tests for this substance are discovered little 
emphasis could be placed on such findings. 

One factor which seemed all important in attempting to express 
quantitatively the relation of iron to gossypol by means of the 


TABLE III. 
Food Consumed by Rats. 

Aver- 

Ferric Dura- Average! Aver- | Aver- age 

Nature of food. citrate | tion of | initial age age dail 

added. | period. | weight. | gain loss foo 

intake 

per cent days gm, ym, gm. gm. 
20 per cent cotton seeds...... 15 | 60 9 4.5 
— 1.5 15 122 21 12* 
ee 0.6 12 140 17 11* 

0.6 60 60 126 14 

1.5 40 62 85 12 


* These measurements were made just previous to the close of the feed- 
ing experiments shown in Tables I and II. 

Tt Basal diet composed of wheat 25, corn 40, milo 25, alfalfa 3, tankage 10, 
NaCl 1, and CaCQ; 1. 


growth records presented, was the amount of food consumed by 
the animals. Although a record was kept of the approximate 
amount of food consumed over each experimental period, the 
daily food intake was accurately measured only during certain 
intervals. It was to be expected that the iron salts which have a 


characteristic astringent taste, would in large amounts impair the 
palatability of the diets, and that the cotton seeds, which have a 
raw and somewhat unpleasant taste, would act similarly. In 
Table III the average daily food intake and the growth made by 
a number of the animals receiving diets of questionable palata- 
bility are presented. 

As may be readily discerned, the animals receiving the raw seeds 


! 
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in their diets without the addition of iron consumed but little and 
promptly declined. The decline and death of these animals can- 
not be taken as due to a refusal of the food because of its unpala- 
table nature, since the addition of the proper amount of iron, which 
is itself distasteful, brought opposite results. It seemed that the 
physical condition of these animals governed their food intake. 
The addition of 0.6 or 1.5 per cent ferric citrate to a basal diet did 
not prove injurious to the animals for several weeks, during which 
time the animals consumed the usual amount of food and showed 
no distaste for it. 


TABLE IV. 
Animals on Diets Containing Iron and 10 Per Cent Cotton Seeds. 
Iron salt used. Growth record. 
Tron per 
Ferrous Ferric Duration Average Average 
100 gm. of No. of A 
“cotton | | animale. | eight, | | 
per cent per cent gm. days gm. gm. gm. 
0.48 0.7 76 4 56 90 1.2 
0.48 0.7 76 4 43 78 1.0 
0.96 1.4 76 4 55 106 1.4 
0.59 0.7 76 4* 79 58 0.8 
0.59 0.7 60 4 48 98 1.6 
Average daily gain made by these two groups, 1.2 gm. 
* Females. 
t Males. 


In order to meet certain objections which might be made to 
conclusions based on results obtained with only two iron salts, a 
similar study was made with the use of two other iron salts, one 
of which was a ferrous compound. The two salts used were 


ferrous and ferric ammonium sulfate, both of which are more 


readily soluble than the ferric citrate. If it is assumed that the 


value of iron in cottonseed diets is due in part to a precipitation 
of the gossypol, one might be led to believe that the reaction would 
be more complete in the presence of a very soluble iron salt such 
as one of the above, and as a consequence, less would be required. 
If such is true, it was not apparent in the results which are shown 
in Table IV. 

The results show that approximately the same amount of iron 
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is required to offset the effects of the gossypol when added as the 
very soluble ferrous compound as when added as ferric citrate (see 
Table IT), and when the amount of the former is decreased, growth 
is retarded. ‘The ferric salt did not allow the animals to make 
normal growth when added in an amount which furnished less 
iron than the optimum amount found for ferric citrate. 

It has often been observed in feeding cotton seeds to rats that 
after the animals begin to decline many of them will not respond 
to changes made in the diet. At other times when the injury has 


TABLE V. 
Growth of Rats on Diets Containing 20 Per Cent Cotton Seeds. 
| 5 days 10 days 15 days 20 days 
gm, gm. ,gm.; gm. gm. gm. gm gm. gm 
90 | 60 | 53 | 48) 4); 50*| 4 1.5 per cent ferric citrate 
91 | 60; 58! 4:50; 52* 4 added 10th day. 
92 70/60; 6) 60; 7; 65) 7 | 1.5 per cent ferric citrate 
93 | 75 |65| 4| 85; 7; 8| 7| 95) 8 added 5th day. 
94 90/77) 5 98 12) 115 | 15 | 124 | 15 | Changed to autoclaved 
95 5 12) 110 | 14 115 | 14 seeds 5th day. 
96/90, 4 | 95 | 12 110 | 14 118 | 14! Changed to autoclaved 
97 | 90 77, 5 938 12) 105; 14 > 110 14 seeds and 1.5 per cent 
| oe | ferric citrate 5th day. 
* Died. 


not progressed too far, as is often the case when the commercial 
meal instead of seeds is being used, the animals will promptly 
recover and resume normal growth. Similar observations have 
been made in large animal feeding. Since the iron salts proved so 
efficient in preventing the injury, it seemed desirable to determine 
if they would promote recovery in a similar manner. To do this 
and perhaps disclose the manner in which the iron acted as 4 
protective agent against injury from gossypol, a number of feeding 
trials was carried out, cottonseed diets to which the iron salt was 
added after the animals had begun to show signs of gossypol 
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poisoning being used. In some instances the diets were changed 
at that time to ones in which autoclaved seeds were used. In 
Table V representative results of these feeding trials are presented 
with the growth made by the animals and the alterations made in 
their diets at 5 day intervals. 

The results in Table V, as in Table III, point to the food intake 
of the animals being governed by the animals’ response to the 
effects of the cotton seeds rather than to the proportion of cotton 
seeds in the diet. Rats 90 and 91 clearly show the !oss of appetite 
and rapid decline in weight characteristic of animals undergoing 
severe gossypol poisoning. ‘The addition of iron to their diets on 
the 10th day did not bring about recovery and the animals died 
4days later. No doubt the effects of the gossypol had progressed 
so far during this time that the addition of iron was not of itself 
sufficient to promote recovery unless some other alterations were 
made in the diet. When this preliminary feeding period was 
shortened to 5 days and the iron then added, the animals (Rats 
92 and 93) showed some signs of recovery, although their food 
intake remained low and they never displayed the healthy con- 
dition of normal rats. However, when the diet was changed at 
the end of a 5 day preliminary feeding period (Rats 94 and 95), 
recovery was quite rapid and the animals were able to resume 
growth without further additions of iron to the diet. These 
results, when considered in their relation to those in Tables I and 
IT, point to the value of iron as a means of preventing or delaying 
the injury from gossypol, but not providing a very effective cure. 
As to the manner in which the iron acts, there is no direct proof, 
although at the present time it seems reasonable to believe that 
the iron combines with the gossypol to form an insoluble com- 
pound which is slowly, or not at all, absorbed in the digestive tract. 
Since rats do not exhibit all the manifestations of gossypol poison- 
ing of larger animals, namely diarrhea, paralysis, respiratory 
disturbances, and often blindness, it might be well to repeat 
certain parts of this work with other animals in which loss of 
appetite and inanition are not so pronounced. It is believed that 
the postmortem examinations, which will be made in connection 
with the feeding work mentioned in the earlier part of this paper, 
will yield important results which bear directly on the use of iron 
in cottonseed meal feeding. 
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SUMMARY AND CONCLUSION. 


A study has been made of the value of iron salts in preventing 
the poisoning of animals by gossypol, the toxic principle in cotton 
seeds, and the extent to which such salts may serve to promote the 
recovery of animals so poisoned. ‘The fron salts used were ferric 
oxide, ferric citrate, ferric ammonium sulfate, and ferrous ammo- 
nium sulfate. Gossypol injury was produced by feeding to the 
test animals, which were albino rats, diets containing either 10 or 
20 per cent cotton seeds of known gossypol content. Growth and 
general appearance of the animals as used in previous studies with 
gossypol were employed to determine the extent of the injury and 
the efficiency of the different iron salts in counteracting it. 

The animals receiving the smaller amount of cotton seeds in 
their diet made poor growth and toward the end of the experiment 
displayed a decidedly unhealthy condition; those receiving the 
larger amount promptly declined in weight and several died. The 
addition of ferric oxide to the diets was of no value (probably due 
to its insolubility) in counteracting the effects of the gossypol; 
but ferric citrate and ferrous ammonium sulfate, when present in 
sufficient amounts to furnish 3 gm. of iron per 1 gm. of gossypol, 
were equally effective in allowing the animals to make nearly nor- 
mal growth for some time. ‘The addition of smaller amounts of 
these two salts, or of ferric ammonium sulfate, was attended with 
less favorable growth. 

Food intake records showed that the retarded growth of the 
animals on the raw cottonseed diets was due not only to the effects 
of gossypol present, but also to a refusal by the animals to consume 
much of the feed. Food consumption was increased by the 
addition of ferric citrate. 

The results with ferric citrate pointed to a quantitative rela- 
tionship existing between the amount of gossypol in the diet and 
the amount of iron necessary to counteract its toxic effects. Ex- 
periments in the test-tube also showed that the reaction between 
gossypol and iron is of a quantitative nature. It is concluded 
from these studies that iron delays the effects of cottonseed in- 
jury by combining with the gossypol to form an insoluble com- 
pound. A change in diet is more effective than the addition of 
iron for promoting recovery from gossypol poisoning. 
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THE RESPIRATORY PROTEINS OF THE BLOOD. 


Ill. THE ACID-COMBINING CAPACITY AND THE DIBASIC AMINO 
ACID CONTENT OF THE HEMOCYANIN OF LIMULUS 
POLYPHEMUS. 


By ALFRED C. REDFIELD anp ELEANOR D. MASON. 
(From the Laboratories of Physiology, Harvard Medical School, Boston.) 


(Received for publication, March 16, 1928.) 


The maximal acid-combining capacity of the hemocyanin of 
the horseshoe crab, Limulus polyphemus, has been measured and 
found to agree closely with the value predicted from the dibasic 
amino acid content of this protein. 

In accordance with the polypeptide linkage of amino acids in 
the protein molecule, the dibasic amino acids should each retain 
one free basic group available for combination with acid, and the 
dicarboxylic amino acids should similarly each retain. one free 
carboxyl group capable of uniting with base. A quantitative 
relationship can, therefore, be predicted between the composition 
of proteins and their maximal acid- and base-binding power. In 
collecting the data bearing on this relationship, Cohn (1925) has 
been able to demonstrate clearly that those proteins that are rich 
in basic amino acids have high acid-combining capacities, while 
those that are poor in this respect have low acid-combining 
capacities. The same relationship appears to hold true for the 
dicarboxylic acids and the base-binding power. In many in- 
stances the agreement between the acid- or base-binding power 
as measured and as predicted from the amino acid components is 
extraordinarily close. Chapman, Greenberg, and Schmidt (1927) 
also have found that the capacity of several proteins to combine 
with acid dyes can be correlated with their content of arginine, 
lysine, and histidine. Recently Lewis (1927) has demonstrated 
the correspondence between the diamino acid content of hemo- 
globin and its maximal acid-binding power. He found that 
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1 equivalent (16,660 gm.) of hemoglobin bound 24 or 25 mols of 
acid, which would correspond to 144 or 150 & 10-* mols per gm, 
Cohn (1925) had previously estimated an acid-binding power of 
146 X 10-5 mols per gm. from the histidine, arginine, and lysine 
of hemoglobin as determined by Van Slyke (1911). 


Measurement of Maximal Acid-Binding Power of Hemocyanin, 


The hemocyanin used in the present experiments was prepared 
by Mrs. Mary A. Shotts and Miss Elizabeth Ingalls. Two distinct 
methods were employed in purifying material that had been pre- 
pared some months previously by precipitation from the serum 
with ammonium sulfate at half saturation. Specimen XIIA 
was repeatedly salted out with ammonium sulfate, and redissolved, 
and then dialyzed against dilute sodium hydroxide, as described 
by Redfield, Coolidge, and Shotts (1928). It was not washed at 
the isoelectric point. Specimen XV A was prepared similarly 
except that ammonium hydroxide was used to render the dialyzing 
solution alkaline. The other three preparations were freed of most 
of the ammonium sulfate by dialysis, then precipitated at the 
isoelectric point by the addition of 0.01 n hydrochloric acid, and 
washed by repeated decantation with a large volume of water. 
The precipitate was then redissolved by adding a small quantity 
of 0.1 N sodium hydroxide. 

The purity of the hemocyanin is indicated by the copper con- 
tents of the specimens. Specimens XII A, XIV A, and XVA 
contained respectively 0.167, 0.169, and 0.168 per cent of the dry 
weight as copper. The most pure preparations of Redfield, 
Coolidge, and Shotts yielded 0.173 per cent copper. 

The samples used in the determinations were made up by dilut- 
ing small measured quantities of these preparations with distilled 
water containing known quantities of hydrochloric acid. The 
concentration of hemocyanin in each specimen is shown in Column 
2 of Table I. The total concentration of hydrochloric acid is 
entered in Column 3. This may be divided into three portions: 
(a) that which is required to neutralize the base present in the 
preparation, (b) that which is uncombined and exists as free 
hydrochloric acid, (c) that which is bound by combination with 
the hemocyanin. The latter quantity may be obtained by sub- 
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tracting from the total hydrochloric acid the sum of the two 
former, both of which are measurable. 

The base present in the material as the result of the method of 
preparation was measured by determining how much 0.01 N 
hydrochloric acid must be added to produce maximal precipitation 


XIE A | 10.05) 0.0152] 0.0026/3.072(2)* | 116 x 10-5 
10.05! 0.0202] 0.0026/2.598(2) | 147 
10.05) 0.0252) 0.0026/2.234(8) | 160 
10.05} 0.0303] 0.0026)2.003 (10) | 164 
10.05} 0.0379} 0.0026|/1.768(2) | 159 
10.05} 0.0405} 0.0026)1.718(6) | 0.053/0.0216/0.0163} 162 
10.05) 0.0455) 0.0026)1.628(1) | 161 


TABLE I. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 5 
qm. mols mols mols | mols 4 

per 1. per l. per l. perl. | perl. mals 


XIV A | 11.50} 0.0300; 0.0009}1.985(11) | 0.050/0.0116)0.0175) 152 
11.50; 0.0400) 0.0009|1.727(4) | 0.053/0.0212/0.0179) 156 


XIV B | 12.00; 0.0400) 0.0014|1.745(9) | 0.053/0.0200/0.0186) 155 


XIVC | 14.30} 0.0360} 0.0012/1.969(3) | 0.053/0.0121|0.0227; 159 
14.30! 0.0400) 0.0012/1.864 (5) 0.05310 .0155\0.0233| 163 


XV A 16.00! 0.0400) 0.0053}2.122(3) | 164 a 
16.00} 0.0480! 0.0053]1.856(4) | 0.055/0.0158/0.0269) 168 
16.00! 0.0560} 0.0053)}1.677(4) | 167 
16.00} 0.0720) 0.0053|1.442(3) | 154 


* The number in parentheses is the number of determinations averaged 
to secure the given value of pH. 


at the isoelectric point. The precipitation zone is sufficiently 
sharp to enable this to be done with an accuracy of 2 X 10-> mols 
per gm. of hemocyanin. The base combined with the prepara- 
tions is entered in Column 4 of Table I. 

The concentration of free hydrochloric acid (HC1) was esti- 
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mated from the hydrogen potential, pH, of the solution. Since 
pH = log aaa and (HCl) = (H*) on the theory of complete 


electrolytic dissociation, 


1 1 
log (HCD = pH — saa (1) 


The hydrogen potential was measured by means of the hydrogen 
electrode. The sample was introduced into a Clark electrode 
vessel and rocked for } hour at a temperature of approximately 
25° before the potential was measured. The pH values so ob- 
tained are entered in Column 5 of Table I. The values of log 


* corresponding to the total concentration of HCl in the sample, 


are taken from data given by Cohn and Berggren (1924) and are 
entered in Column 6. Since the values of y are estimated on the 
assumption that the electromotive force of the 0.1 N calomel elec- 
trode is 0.3356 volt at 25° following Lewis, Brighton, and Se- 
bastian, this value has been employed in estimating the hydrogen 
ion activities of the hemocyanin solutions. The concentration of 
free hydrochloric acid, as calculated from equation (1), occupies 
Column 7. The acid bound by the hemocyanin, entered in 
Column 8 of Table I, is obtained by subtracting from the total 
concentration (Column 3) the concentration of acid required to 
bring the preparation to its isoelectric point (Column 4) plus the 
concentration of free hydrochloric acid (Column 7). By dividing 
this result by the gm. of hemocyanin in a liter of solution (Column 
2) the acid bound is expressed in terms of mols per gm. of hemo- 
cyanin. 

These figures indicate that at pH values of 2.23 and less the 
acid bound by Limulus hemocyanin does not increase to a detec- 
table degree even though the free acid is increased to nearly double 
the quantity bound. The most representative value for the series 
of measurements is 160 K 10-* mols per gm. 

It may be pointed out here that on the addition of hydrochloric 
acid to Limulus hemocyanin the solution becomes colorless and 
loses its capacity to combine with oxygen. 

An attempt to measure the maximal base-binding power of 
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Limulus hemocyanin has been unsuccessful. The protein appears 
to undergo hydrolysis on the addition of sodium hydroxide before 
the combined base becomes constant. 


Titration of Hemocyanin with Hydrochloric Acid. 


When quantities of hydrochloric acid, smaller than that suffic- 
ing to combine with all the available basic groups, are added to 
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Fig. 1. Titration curve of Limulus hemocyanin with hydrochloric acid 
at 22-25°. The ordinates measure the quantity of hydrochloric acid com- 
bined with the protein. The different symbols refer each to a different 
preparation of the protein. 


Limulus hemocyanin, the hydrogen potential of the solution 
varies with the amount of acid combined with the protein in a way 
illustrated in Fig. 1. The titration curve is a symmetrical sig- 
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moid very similar throughout its length to that of serum albumin 
(Cohn, 1925). The data are quantitatively described by a curve 
drawn on the assumption that hemocyanin combines with acid 
as a univalent base, that is, that all the basic groups behave alike 
and independently of each other. The curve drawn through the 
points in Fig. 1 is constructed from the Henderson-Hasselbalch 
equation. In order to obtain the best fit between the theoretical 
curve and the data it has been assumed that basic groups equiva- 
lent to 6 X 10-5 mols per gm. of hemocyanin combine in reactions 
taking place near the isoelectric point and consequently do not 
behave like the remainder. A maximal acid-binding capacity of 
166 X 10-5 mols per gm. has been employed because most of the 


TABLE II. 
Basi Equiva- 
‘attribut- | acids in | basic ino acid 
“able to. | hemocy- | amino 
basic amino acids to anin 
acid mols X 10) copper molecule 
per gm. atoms. : 
(1) (2) (3) (4) (5) 
per cent 
13.23 54.5 20.0 40 
Total basic amino acids............. 155.5 57.0 114 
Total acid-combining capacity..... 160 58.7 117 


higher points on the curve were obtained with preparation XV A 
which yielded a value of this magnitude. The value of the 
apparent dissociation constant, pK, is 3.3. 


Dibasic Amino Acids of Hemocyanin. 


Van Slyke (1911) has determined the percentage of nitrogen in 
Limulus hemocyanin attributable to various amino acids. In 
Table II we have entered his figures (the average of two separate 
analyses) for arginine, histidine, and lysine. From these figures 
we have calculated the mols of each dibasic amino acid present 
per gm. of hemocyanin.! The sum of these is 155.5 & 10~* mols 


1 These values differ slightly from those estimated by Cohn (1925) from 
Van Slyke’s data. This is because he employed the value 16.18 as the per 
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per gm. Of hemocyanin. The agreement of this figure with the 
direct measurement of the total acid-binding power is satisfactory 
when the accuracy of the methods involved are taken into account. 
Redfield, Coolidge, and Shotts (1928) have shown that 36,700 
gm. of hemocyanin contain 1 gm. atom of copper. Multiplying 
this figure by the dibasic amino acid content of 1 gm. of hemo- 
cyanin one obtains the equivalence of these components to the 
copper as shown in Column 3 of Table II. Inasmuch as there 
are probably 2 atoms of copper in the molecile of Limulus 
hemocyanin, the probable number of dibasic amino acids of each 
sort present may be estimated as the nearest integer to twice 
the equivalent value, as shown in Column 4. Similarly the 
equivalent acid-combining capacity of the entire molecule may be 
estimated as 117 from the measurements reported in this paper. 


SUMMARY. 


1. The hemocyanin of Limulus polyphemus binds about 160 X 
10-* mols of acid per gm. 

2. It reacts with acid as though it were a univalent base with an 
apparent dissociation constant of 3.3. 

3. The maximal acid-binding power agrees closely with that 
calculated from the dibasic amino acids of this protein. 

4. The probable number of molecules of arginine, histidine, 
and lysine in the hemocyanin molecule, and its total number of 
acid-binding groups are estimated. 
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cent of nitrogen in Limulus hemocyanin as obtained by Alsberg and Clark. 
Redfield, Coolidge, and Shotts (1928) found carefully purified hemocyanin 
to contain 17.3 per cent of nitrogen. This value has consequently been 
emptoyed in calculating Table IT. 
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EFFECT OF INTRAPERITONEAL INJECTIONS OF INSULIN 
UPON THE BLOOD SUGAR OF WELL FED 
RABBITS. 


By MELVILLE SAHYUN anp N. R. BLATHERWICK. 


(From the Chemical Laboratory of the Potter Metabolic Clinic, Santa Barbara 
Cottage Hospital, Santa Barbara.) 


(Received for publication, February 29, 1928.) 


Hoskins and Snyder (1) reported that in well fed rabbits, insulin 
injected intraperitoneally is in most cases not followed by a 
lowering of the blood sugar such as occurs in fasting animals 
similarly treated. Their conclusion was based upon experiments 
performed on a series of rabbits, well fed and chosen at random. 
They used twenty-eight different rabbits in a total of thirty-one 
experiments. In their table, representing the results obtained 
from the experiments performed upon the well fed animals, thir- 
teen showed a marked lowering of the blood sugar. Of the twenty- 
eight rabbits used, the experiments were repeated with three 
only, two of which showed a marked lowering of the blood sugar 
the second time. 

In a paper from this laboratory (2), we called attention to the 
great resistance to insulin shown by ‘‘uneducated”’ rabbits. We 
observed that in general it requires from 3 to 5 units of insulin 
per kilo of body weight, used intravenously, to produce hypogly- 
cemic convulsions in uneducated rabbits. In some instances, an 
intravenous dose of from 8 to 10 units per kilo was required. How- 
ever, by educating these rabbits, z.e. by keeping them on a strict 
regimen and by giving them convulsive doses of insulin every 7th 
day after a 24 hour fast, the amount of insulin required was greatly 
diminished. In the course of a few months, such rabbits become 
stabilized and respond to a smaller and more definite dose. In 
this connection we emphasized the importance of administering 
a convulsive dose every 7th day, for when this rule is not followed, 
there is a tendency to develop immunity. In a few of our cases 
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we were able to develop immunity to such a marked degree that 
a total intravenous dose of 50 units did not produce convulsions. 

The results of the intraperitoneal injections of insulin reported 
by Hoskins and Snyder were so striking that we were led to repeat 
this work payirg special attention to diet and to other factors 
known to influence the response to insulin. 


General Procedure. 


The rabbits used consisted of four young uneducated males, 
four young uneducated females, two females previously used for 
insulin work, and three standard insulin females. 

In another paper from this laboratory (3), it was shown that 
animals fed a high carbohydrate, acid-forming diet, require more 
insulin to produce hypoglycemic convulsions than those eating a 
low carbohydrate, basic diet. Our uneducated rabbits were, 
therefore, divided into two groups. The young males, Rabbits 
1 to 4, were given a high carbohydrate diet. The females, Rabbits 
5 to 8, were fed our regular, low carbohydrate diet. In all experi- 
ments, the well fed rabbits were given an abundant food supply 
until the initial blood samples were taken. They were then given 
insulin and left in wire cages without food. ‘The insulin was 
injected into the peritoneal cavity about half-way between the 
umbilicus and symphysis pubis. Blood samples were obtained 
from the marginal ear vein and blood sugar was estimated by the 
method of Folin and Wu. 

It was found necessary to use different doses of insulin than 
were administered by Hoskins and Snyder. Lilly’s insulin, U-100, 
was used. This was diluted 1:100, 1:50, and 1:25 before injec- 
tion. The same sample of insulin was used for all the experiments. 
A dose of 3 units per kilo did not appear sufficient for young, well 
fed rabbits, especially for those not educated to insulin and being 
maintained upon a high carbohydrate diet. Larger amounts of 
insulin were consequently given. 


EXPERIMENTAL. 


Series 1.—In Table I are reported the findings obtained with the 
four young uneducated male rabbits fed the high carbohydrate 
diet. The average weight of these animals was about 2 kilos 
when the experiments began. For the first injection Rabbits 1 
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TABLE I. 


Changes in Blood Sugar of Young ‘‘Uneducated’’ Male Rabbits Fed High 
Carbohydrate Diet. 


Blood sugar, mg. per 100 ce. 


Date Form of | 
1987 kg. | 
Dec. 14 1 | 2.25] 3 Intravenous. 105 | 79 | 75 
2 | 1.95} 3 | Subcutaneous. 83 | 66] 50 
3 | 2.20} 3 | Intraperitoneal. | 100 | 118 | 130 | 100 
4 | 2.05) 3 as 108 | 118 | 130 | 130 
Dec. 21 1 | 2.40} 3 100 34 | 78 
2 | 2.00) 3 105 55 | 71 
3 | 2.35] 3 ™ 103 50 | 66 | 95 
4 | 2.15) 3 103 42} 91 
Dec. 29 1 | 2.50) 3 100 55 | 67 
2 12.38 3 95 67 | 80 
3 | 2.50) 3 “ 100 52 | 67 
4 |2.30) 3 95 56 | 80 
1928 
Jan. 4 1 | 2.55) 5* | Intravenous. 
2 | 2.00) 5* 
3 | 2.50) 5* 
4 | 2.20) 5* 
Jan, 12 1 | 2.60} 8 | Intraperitoneal. | 111 58 | 49 
2 | 2.10} 8 95 55 | 5d 
3 | 2.50} 8 ss 118 57 | 80 
4 | 2.30! 8 91 52 | 65 
Jan. 19 1 | 2.65! 8 | Subcutaneous. 114 72 | 60 
2 12.2 8 121 57 | 7 
3 2.50} 8 - 114 68 50 
4 | 2.30) 8 125 68 | 7 
Jan. 26 1 | 2.75 & Intravenous. 111 | 67 
2 | 2.30) 8 108 | 70 
| 2.60) 8 125 | 87 
4 | 2.35) 8 ” 108 | 65 


* No blood sugar tests were performed. None of this group showed any 
symptoms of hypoglycemia. 


and 2 were given an intravenous and a subcutaneous dose, re- 
spectively. They showed low blood sugar 1 hour after the in- 
jection and maintained this level for over 2 hours. Rabbits 3 
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and 4 which received intraperitoneal injections showed no lowering 
of the blood sugar. 1 week later the intraperitoneal injections 
were performed upon all four of the rabbits. The insulin caused: 
a hypoglycemia which continued for over 4 hours. The following 
week the experiments were repeated in a similar manner and with 
similar results. On January 4, an intravenous dose of 5 units 
per kilo was tried in an effort to obtain insulin convulsions. Blood 


TABLE II. 
Changes in Blood Sugar of Young ‘‘Uneducated’’ Female Rabbits Fed Low 
Carbohydrate Diet. 


Blood sugar, mg. per 100 ce. 
la 
1928 kg. min. 
Jan. 4 5 | 2.00) 5 Intraperitoneal. | 100 37 | 80 | 180 
6 | 2.10) 5 103 33 132 
7 12.95) 5& 105 118 {111 
8 12.7% §& 100 29 113 
Jan. 11 5 | 1.80) 4 " 100 106 
6 | 2.00) 4 114 50 150 
7 | 3.00) 6 - 118 40 | 47 
8 12.75] 4 125 50 200 
Jan. 18 5 | 2.00); 4 Intravenous. 100; 68 
6 | 2.25] 4 95} 62 
7 | 3.15) 6 59 
8 | 3.00) 4 118} 60 
Jan. 25 5 | 2.00) 4 Subcutaneous. 90 90 
6 | 2.30) 4 - 105 28 110 
7 | 3.20! 6 “ 100 30 115 
8 | 3.00) 4 . 103 40 120 


sugar tests were not performed as no symptoms of weakness 
developed. 1 week later a dose of 8 units per kilo was given 
intraperitoneally. A lowering of the blood sugar took place, 
unaccompanied by an insulin reaction which might have been 
expected from the injection of so large a dose. Upon trying this 
dose of 8 units per kilo subcutaneously, on January 19, similar 
results were obtained. The intravenous injection of an equal 
number of units, however, did not produce so marked a lowering 


. 
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of the blood sugar as was obtained from the intraperitoneal and 
the subcutaneous injections. 

Series 2.—In our second series of experiments, the four young 
uneducated female rabbits were used. They were kept on our 
regular standard low carbohydrate diet, consisting of alfalfa hay, 
with the addition of some barley on the day they received their 
insulin and on the one following. They were well fed until blood 
samples were taken, and were then injected intraperitoneally 


TABLE III. 
Changes in Blood Sugar of Mature Female Rabbits Fed High 
Carbohydrate Diet. 


S Blood sugar, mg. per 100 cc. 
Date Form of 
units 
1927 kg. | per 
kg. 
Dec. 15 | 54 |3.75) 3 | Intraperitoneal. | 100) 61 55 | 37 | 40) 105 
57 |3.60| 3 25 103} 66 52 | 83 | 111 
Dec. 22 | 54 |4.00) 1.5 . 114 47 | 79 105 
57 |3.65] 1.5 125 71 | 50 100 
Dec. 29 | 54 |4.00) 1.5 " 108 42 | 80 
57 {3.70} 1.5 sa 100 37 | 56 
1928 
Jan. 12 | 54 |4.00) 4 111 30 | 40* 
57 |3.70) 4 110 87 |100 
Jan. 20 | 54 |4.25) 4 | Subcutaneous. 108 52 91 
57 |3.85| 8 | Intraperitoneal. | 105 54 75 


* This rabbit had convulsions in 150 minutes. It was revived with 5 cc. 
of 20 per cent glucose; nevertheless it showed low blood sugar at 4 hours. 


with the diluted insulin. The procedure already described was 
followed and our findings are reported in Table II. Each animal 
was injected with 5 units per kilo. This dose proved to be almost 
fatal to three of the four rabbits. They were violently convulsed. 
A subcutaneous injection of 5 cc. of 20 per cent glucose had little 
effect as to their immediate recovery. They were given another 
5 cc. of the same glucose solution and even then did not recover 
for 30 minutes. Only Rabbit 7 did not manifest any lowering of 
the blood sugar after this first injection. The week following, 
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each animal received 4 units per kilo intraperitoneally instead 
of 5, with the exception of Rabbit 7 which received 6 units. The 
three which were convulsed previously were again convulsed. 
Rabbit 7, moreover, showed symptoms of hypoglycemia and a 
marked lowering of the blood sugar. Upon repeating the last 
dose intravenously, none of the rabbits was convulsed. They 


TABLE IV. 
Changes in Blood Sugar of Standard Insulin Rabbits. 
Blood sugar, 
S| mg. per100cc. | 3 
Date. 7. Diet. administra- | ¢ 8 
tion. o| . 
3 
units 
1927 kg. per min, 
kg. 
Dec. 16 19/3.90} Low earbo- |3 Intraperi- |0.6)118} 30 75 
hydrate. toneal. 

112)4.50 3 1.21118} 29 88 
1143.65,“ 1.4/121) 32 95 

Dec. 23 193.71 1.5 0.6/100} 40} 33) 57 
112/4.70 1.5 1.2)121| 36 100 
114/3.75 1.5 1.41114) 31 105 
Dec. 30 193.50) 24 hr. fast. |0.4 0.6)103 30 150 
112/4.55524 “ “ 0.5 1.2)108 22 127 
114/3.75) 24 “ 0.5 1. 4/100 20 140 

1928 

Jan. 3 | 120)4.00|; 24 “ 0.35 0.9} 98 43} 87 

24 “ 0.3 0.6) 95 43 
0.3 0.6/108 37 120 

78|3.30) 24 “ 0.45 0.7}100 33 115 | 

Jan. 6 | 112/4.90)| High carbo- (0.5 1.2)151 70} 98} 

hydrate. 7 

1143.90) 2a 1.4]154} 80)100 | 

| 

showed, however, a lowering of the blood sugar. The subcutane- ( 
ous injections resulted in hypoglycemic convulsions in all cases. 

Series 3.—For this experiment two female rabbits were used, ‘ 
upon which insulin experiments had previously been performed. ( 
Their average weight was over 3.6 kilos. Their diet until Decem- ( 
ber 15 consisted chiefly of alfalfa hay, with barley once a week. ( 


M. Sahyun and N. R. Blatherwick 465 


After that date they were put on the high carbohydrate diet. 
In Table III we report our findings. ‘These animals were well fed 
before each experiment. Upon receiving 3 units per kilo intra- 
peritoneally there was a lowering of the blood sugar for the dura- 
tion of 5 hours in Rabbit 54 and 4 hours in Rabbit 57. On Decem- 
ber 22 and 29 they were given, in a similar manner, 1.5 units per 
kilo. On January 12, they were injected with 4 units per kilo. 
Rabbit 54 had an insulin convulsion in 2.5 hours. <A subcuta- 
neous injection of 4 units per kilo produced only a lowering of the 
blood sugar in this rabbit. 

Series 4.—This experiment was performed upon three of our 
standard rabbits. These animals had been educated to insulin 
and responded to a certain definite dose. The figures in Table IV 
under “‘intravenous factor’ represent the percentage of 1 unit of 
insulin per kilo required to produce convulsions. ‘There was only 
one deviation from their low carbohydrate diet, which occurred 
on January 6, when Rabbits 112 and 114 received by mistake an 
extra portion of barley. Rabbit 19 died from pneumonia during 
the Ist week of January. After the injection of 3 and 1.5 units 
per kilo intraperitoneally, severe convulsions took place. Follow- 
ing a 24 hour fast 0.5 unit per kilo was sufficient to produce con- 
vulsions, while more than 1.2 units per kilo injected intravenously 
would have been required. See Table IV for results. 


DISCUSSION, 


The experimenta! conditions of Series 1 were comparable with 
those of Hoskins and Snyder. Like them, we found no hypogly- 
cemia in two rabbits after the intraperitoneal injection of 3 units 
per kilo. The 2 succeeding weeks, however, all four of these 
animals showed marked hypoglycemia with the same dose. Sub- 
sequent experiments revealed that these rabbits were able to 
withstand 8 units per kilo without convulsions. It made no 
difference whether the insulin was given intraperitoneally, sub- 
cutaneously, or intravenously. 

The results of the experiments of Series 2 show anew the greater 
susceptibility of rabbits living upon a low carbohydrate, basic 
diet. 5 units of insulin given intraperitoneally produced severe 
convulsions in three of the animals, while one had no hypogly- 
cemia. The following week, 4 units per kilo caused convulsions 
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in the same animals and the other responded with hypoglycemia. 
Corresponding amounts of insulin administered subcutaneously 
produced convulsions in all of the animals. When the same doses 
were given intravenously, there was hypoglycemia at 1 hour, but 
no convulsions resulted. The first two series of experiments 
show that with well fed uneducated rabbits, there may be no 
hypoglycemia following the first intraperitoneal injection of 
insulin. Subsequent doses are effective even though the animals 
are well fed. 

The results of Series 3 and 4, in which rabbits accustomed to 
insulin were used, show that they responded to the first intraperi- 
toneal injection. Smaller doses were also required. Further- 
more, the intraperitoneal injections were more effective than the 
intravenous in the cases of our standard, fasted animals. 

It is evident that our results do not accord with the findings 
of Hoskins and Snyder. Like them, however, we found that some- 
times there was no hypoglycemia after the injection of insulin 
into well fed rabbits. Subsequent injections were, nevertheless, 
effective. In fact, our results indicate that the intraperitoneal 
route is more efficient than the intravenous and about on a par 
with the subcutaneous. It seems unnecessary, therefore, to 
theorize about the presence of some substance in the liver which 
buffers the action of insulin administered intraperitoneally. The 
fact that sometimes there is no hypoglycemia following the first 
intraperitoneal injection in well fed rabbits is puzzling. We have 
no explanation to offer. 


SUMMARY. 


The first intraperitoneal injection of insulin into well fed rabbits 
sometimes fails to produce hypoglycemia. Subsequent injec- 
tions, however, produce results very comparable to those follow- 
ing subcutaneous injections. Intraperitoneal injections are more 
effective than are the intravenous. 
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CONCERNING THE SIMILARITY OF GLUKHORMENT 
AND SYNTHALIN. 


By FRITZ BISCHOFF, N. R. BLATHERWICK, ann MELVILLE 
SAHYUN. 


(From the Chemical Laboratory of the Potter Metabolic Clinic, Santa Barbara 
Cottage Hospital, Santa Barbara.) 


(Received for publication, February 29, 1928.) 


Von Noorden (1) has recently reported his clinical experience 
with a new hypoglycemic principle, marketed as “‘glukhorment.”’ 
Meissner is credited with the development of this product, which, 
according to his patent, is produced by fermenting endocrine 
glands until glycocyamine results. In asecond patent application 
glycocyamine or a similar working compound is added. Von 
Noorden considers the latter procedure of theoretical, patentable 
significance and mentions that in the preparation which he used 
for his clinical trials, and which is on the market, no addition of 
glycocyamine, guanidine, or even synthalin was made. He 
doubts whether the traces of guanidine compound in the prepara- 
tion function as the blood sugar-lowering principle. However, 
if the active principle should prove to be a guanidine derivative, 
he feels it must have a much more powerful effect than synthalin. 

In this paper, evidence is presented which indicates that the 
guanidine derivative existing in the glukhorment is either syn- 
thalinoranearhomologue of it. Thechloroplatinate, chloroaurate, 
and picrate of the guanidine base isolated from glukhorment melt 
within 2-1° of the same salts made from synthalin. The analytical 
values of the platinum salt for nitrogen and platinum are also in 
very close agreement, when one considers that the glukhorment 
base must be separated from contaminating protein, fat, and 
Phospholipid materials. Tested upon rabbits the glukhorment 
base had exactly the same effect as synthalin. 8 mg. of base per 
kilo given intravenously produced a hypoglycemia in 2 hours and 
convulsions the 4th hour. Glucose failed to restore the anima] 
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and death ensued. 4 mg. of base per kilo had a slower action, 
the animal dying within 12 hours. 3 and 2 mg. per kilo produced 
no hypoglycemia and no general effect. The same amount of 
synthalin, 4 or 5 mg. per kilo parenterally injected, is the minimum 
effective dose in rabbits (2, 3). The glukhorment base also 
interferes with deaminization and injures the kidneys as does 
synthalin (Blatherwick, Sahyun, and Hill (2)). These effects 
are shown in Table I. 

Both synthalin and the glukhorment base give a very intense 
red coloration with the diacetyl or the a-naphthol-hypochlorite 


TABLE I. 
Blood Changes Following Injection of Glukhorment Extracts and Glycine. 
Blood content. 
Date. Time. = Remarks. 
aE: 
1927 mg. | mg. | mg. 
Rabbit 407. 
Sept. 16 9.50 a.m.| 121/29.4) 8.0} At 9.50 a.m. 6 cc. crude extract of 
11.20 “ | 138)34.5/53.5|  glukhorment and 1 gm. glycine 
12.40 p.m.| 105/32.3/48.5; per kilo subcutaneously. 
2.30 “ 37/43 .0)52.5 
Rabbit 303. 
Sept. 17 9.20 a.m.| 121/24.0| 8.9} At 9.20 a.m. 27 mg. crude extract 
10.50 “ | 125/23.5/33.3| of glukhorment and 1 gm. 
12.10 p.m.| 114/28.5|35.0} glycine per kilo subcutane- 
3.00 “ 67|34.5/37.0; ously. Died during night. 
4.35 “ 67|36.0/43.0 


test, quite different from the pink obtained with glycocyamine. 
The content of the guanidine base in the tablets is not so low as von 
Noorden suspected. 1 gm. of the purified base was isolated from 
400 tablets. Since the separation is by no means quantitative, 
four tablets of glukhorment, the daily dose recommended for 
clinical use, may well-nigh approach the clinical dose for synthalin. 

Frinkel and Friedmann (4) have recently isolated a dodecane 
diaminodicarboxylic acid from the tryptic digestion of casein. 
It is possible to conceive of this compound being decarboxylated 
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by bacteria to diamino decane, the parent substance of synthalin. 
This suggestion is offered as a possible explanation for the occur- 
rence of synthalin in the glukhorment tablets. 


Isolation and Purification of Guanidine Derivative. 


The glukhorment tablets contain a large amount of protein 
material. Some of this is soluble in water, yielding a solution 
with a pH of 6.4, from which phosphotungstic acid throws down a 
precipitate. Still more is soluble in acidulated water. These 
solutions give positive biuret and negative purine base tests. 
In order to avoid contaminating the guanidine derivative with 
protein, an absolute alcohol extraction was used to effect a separa- 
tion. A trial extraction showed that much fatty material was 
leached out by the alcohol. In order to avoid contamination 
with fat, the alcohol extraction was preceded by an ether extrac- 
tion. In following the course of the guanidine derivative in the 
separation, the qualitative test developed by Sakaguchi (5) 
wasused. It is difficult to obtain a good positive test for guanidine 
on aqueous extracts of the glukhorment tablets. The alcoholic 
extract gives an intense red color, however, and from this step 
on to the isolation of the guanidine base, the test served whenever 
it was necessary to locate the compound in a precipitate or a 
filtrate. The alcoholic extract contains in addition to the guani- 
dine compound some phospholipid material, which was insoluble 
in boiling water and could therefore be separated. The aqueous 
solution of the guanidine compound substantially freed from 
protein, fat, and phospholipid materials, was dark in color and 
gave a positive test for phosphates. An alkaline silver separa- 
tion, the conventional method of isolating guanidine compounds 
from biological materials, was used for further purification. 

Details of Isolation.—440 glukhorment tablets were extracted 
for a day in a Soxhlet with 500 cc. of absolute ether. The ex- 
tracted fatty material was discarded. The tablets were then 
extracted with 500 cc. of absolute alcohol for 3 days. The alcohol 
was evaporated to dryness and the residue was taken up with 500 
cc. of boiling water to which a few drops of HCl were added. The 
insoluble material was filtered off and discarded. AgNO; was 
now added to the filtrate until a test on samples gave a brown 
instead of yellow precipitate with Ba(OH)2 solution. The 
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precipitated AgC] was filtered off. NaOH solution was then care- 
fully added. At a pH of 6.0 a brown, slimy precipitate was 
formed. This was filtered off and the filtrate saturated with 
Ba(OH):. The black precipitate thus formed was filtered off and 
washed thoroughly with hot water. It was suspended in 500 cc. 
of water and dilute HCl was added until the reaction was acid. 
The AgCl was filtered off. It was necessary to extract with dilute 
acid several times to separate all the guanidine compound. The 
aqueous filtrates were evaporated to dryness on the water bath. 
The residue was extracted with absolute alcohol to remove inor- 


TABLE Il. 
Melting Points of Homologous Diguanidino Polymethylenes. 
Diguanidino compound. Picrate. Sulfate. 
°C. 

242 184 246 | 300 (Over.) 
Pentamethylene.................. 226 161 
Octamethylene.................. 206 143 216 | 286 
Decamethylene (synthalin)....... 193 153 211 
Glukhorment base................ 191 152 209 


The constants for the first three compounds are taken from the literature. 
The synthesis of diguanidino octamethylene will be reported in a later 
paper. Neosynthalin appears to be isomeric with diguanidino dodeca- 
methylene and may be identical with it. 


ganic salts. This alcohol extract was taken for preparing the 
double salts of the guanidine derivative used in its identification. 

In order to obtain the hydrochloride in a pure, dry form, the 
alcoholic solution was evaporated to dryness, and the residue 
crystallized from 10 cc. of water. The material so obtained was 
used in the rabbit tests for obtaining the minimum effective dose. 

Picrate-—The picrates of the synthalin and glukhorment 
guanidine bases were made by adding an excess of an aqueous 
solution of picric acid to a dilute alcohol-water solution of the 
hydrochlorides. The synthalin picrate melted at 191.5-193° 
uncorrected. The glukhorment picrate melted at 189-190° 
uncorrected. One recrystallization raised the melting point of the 
latter compound 1°. Equal amounts of the synthalin and the 
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glukhorment picrates were mixed with absolute alcohol. The 
solution was dried. The m.p. was 190-191.5°. 

Chloroaurate.-—The double gold salts of synthalin HCl and 
glukhorment HCl with AuCl; are quite soluble in alcohol. They 
were precipitated from aqueous solution and washed with water. 
The glukhorment double salt melted at 144-146° uncorrected. 
One crystallization from alcohol water raised the m.p. to 152° 
uncorrected. The synthalin chloroaurate melted at 153° un- 
corrected. 

Chloroplatinates—The chloroplatinates were precipitated in 
alcohol water solution of the hydrochlorides of the bases, 
washed with absolute alcohol, and dried at 115°. They both 
melted with decomposition in a very characteristic manner. 
About 2° below the melting point, the material blackens. At the 
melting point there is a vigorous frothing. The synthalin chloro- 
platinate melted at 211° uncorrected; the glukhorment compound 
2° lower. The former analyzed 29.1 per cent Pt; the latter 
29.4 per cent Pt. Nitrogen determinations were made by 
combustion, 12.3 per cent being obtained for synthalin chloro- 
platinate and 12.7 per cent for glukhorment. It seems opportune, 
at this point, to comment upon our experience in determining the 
nitrogen content of guanidine compounds. For the platinum 
compound of synthalin, we have found it impossible to use the 
Kjeldahl method. Typical values obtained were 8.2 per cent 
by micro Kjeldahl and 10.5 per cent by macro Kjeldahl method 
with the HgSO, modification. In the cases cited, the Kjeldahl 
values checked with triplicate samples. The value of 12.3 per cent 
by combustion checks very closely the theoretical value of di- 
guanyl diamino decane chloroplatinate (12.5 per cent). 
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POLARIZED LIGHT AND STARCH HYDROLYSIS. 


By JOHN W. M. BUNKER anp EDMUND G. E. ANDERSON. 


(From the Laboratory of Biochemistry, Massachusetts Institute of Technology, 
Cambridge.) 


(Received for publication, February 21, 1928.) 


The papers of Semmens (1, 2) and Baly and Semmens (8) 
indicate that polarized light exerts a selective action in accelerat- 
ing hydrolysis of starch with diastase. This work was criticized 
by Jones (4) whose criticism brought forth a defense by Baly (5). 
The latter quotes from a brief note of Macht (6) which seemed 
to substantiate the original findings. Jones was unable to repeat 
the observations in his own laboratory. 

Other papers by Bryant (7), Morrison (8), Bhatmagar and Lal 
(9), and Macht (10) indicate that polarized light has some effect 
on bacterial growth. Various reports from the laboratory of 
Macht deal with polarized light and toxicological effects of drugs, 
on metabolism in experimental avitaminosis, efc., and strengthen 
the interest in the subject, although they have no bearing upon 
the particular question of starch hydrolysis. 

Examination of the literature supplemented by correspondence 
with authors concerning details of experiments failed to convince 
us that adequate accuracy of technique had been maintained in 
all cases to justify the conclusions derived. Without adequate 
checks of light intensity, temperature, and quantitative analytical 
technique, in addition to measurements of polarization of light 
source, no conclusions one way or the other are permissible. 

In view of the increasing volume of reports upon polarized light 
and its biological effects, it seems advisable to determine definitely 
whether under accurately controlled conditions such effects can 
be repeatedly secured. The conflicting reports suggest that some 
other factor than polarization of illumination may have been 
responsible for the positive findings attributed thereto. 

In view of what has already been done and in light of prelimi- 
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nary experiments in this laboratory by Stevens and Bunker! it 
seemed advisable to begin by attempting to repeat if possible the 
work of others on starch hydrolysis, and then, by rigidly con- 
trolling all possible variables, to determine whether positive re- 
sults were actually due to polarized light or to some other factor, 
associated with or influenced by the polarization of light. 

As a result of this work, we are forced to the conclusion that our 
results support the view that polarized light has no proved effect 
upon starch conversion by diastase. This conclusion, being a 
negative finding, in direct opposition to the publications of Baly 
and Semmens et al. can be of value only in light of the judgment 
as to whether our technique was adequate or faulty. This tech- 
nique is given in detail in this paper for two additional reasons: 
first, in order that others interested may duplicate exactly the 
steps taken, and second, because we hope it serves in some degree 
as an example of an attempt to be scientifically accurate in the 
physics and chemistry of a biological investigation. 


General Procedure. 


The general procedure was to expose simultaneously similar 
aliquots of an identical preparation of starch and enzyme under 
standardized temperature conditions to illumination by (1) plane- 
polarized light, (2) heterogeneous light from the same source and 
of same intensity, (3) control in darkness. 

To secure uniformity of temperature, all digestion work was 
carried out in an air bath constructed of wood and cork board with 
suitable doors for sampling. The bath was electrically heated 
under thermostatic control and the variations in temperature at 
one spot in the line of air travel inside the bath were during a run 
of not more than + 0.02°, measured on a Beckmann thermometer. 
The air temperature probably varied more than this owing to the 
lag of the mercury thermometer, but on the other hand, the reac- 
tion mixtures of greater volumes and specific heats than the 
mercury in the thermometer may be assumed to have varied less 
than this amount. 

The temperature of digestion in most experiments was approxi- 
mately 40°. 


1 Unpublished data. 


DM 
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Empty cells were placed in the air bath to bring them to the 
proper temperature at least an hour before using. 

Mixtures of buffer and starch were brought to temperature 
independently of the enzyme solutions and then mixed. After 


Fig. 1. Air bath and method of illumination. A, heating element; 


_B, Beckmann thermometer; C’, thermoregulator; D, fan; EZ, 200 watt Mazda 


lamp; F, pile of eight pieces of Bavarian plate glass; G, silvered plate glass 
mirror; H, single piece of Bavarian plate glass; J, Z, windows of plate 
glass; J, J, light shields; 1, 2, 3, cells. 


thorough agitation, aliquots were measured into the respective 
cells. At first, toluene was added to each cell as a precaution 
against bacterial interference. This practice was later abandoned 
since it introduced errors in sampling the products of hydrolysis, 
by interfering with proper draining of pipettes. 
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The degree of hydrolysis in each cell was determined upon sam- 
ples taken from time to time, either by a determination of reducing 
sugar produced, or by comparing the color with iodine against a 
double standard in a specially designed bicolorimeter. 

The arrangement of air bath and the provisions for irradiating 
the cells are shown in Fig. 1. 

The bath was built of wood and lined with 2 inch cork board. 
Hand holes in the large door permitted filling and withdrawal 
of samples from the cells without removing them from the bath or 
disturbing the temperature of the air in the bath. The cells used 
were made of rings of glass cemented to a slide, or of bottle sections 
attached to glass with De Khotinsky cement. 

As Nicol prisms of suitable size were not available, glass plates 
in a pile set at a polarizing angle were employed. Even lantern 
slide cover-glasses were found to be not sufficiently plane, and 
Bavarian plate 4” < 6” X 4” was used. A pile of eight plates 
at the proper angle gave a beam of five foot-candles intensity, 
highly plane-polarized as examined with a crossed Nicol. 

The heterogeneous beam, reflected from a silvered mirror, was 
freed from excessive polarization in one plane by the inclined 
plate H. The intensity of this beam was made to match the other, 
as determined by the Macbeth illuminometer. 

Non-reflecting screens cut off stray light. 

Assuming that the effects of polarized light are pronounced, 
as indicated by the literature, several short runs were made with 
starch, taka-diastase, and buffered solutions, the effect being 
measured with the Folin-Wu (11) method of sugar determination. 

The buffered solutions were made from 0.33 mM sodium di- 
hydrogen phosphate and 0.33 m disodium hydrogen phosphate, 
each containing 0.25 mol of sodium chloride. Either of these or a 
mixture of the two, when added to four times its volume of distilled 
water, would furnish the concentration of phosphates and sodium 
chloride shown to be optimum for diastatic action of taka-diastase 
by Sherman, Thomas, and Baldwin (12). The H ion concentra- 
tions were measured by the drop method of Gillespie (13), checked 
against the hydrogen electrode. 

Three attempts to hydrolyze raw starch from potatoes at pH 
4.8 or 6.7 failed to show any rupturing of the grains, any reducing 
sugar, or color with IKI in the supernatant liquid after centrifug- 
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ing. This is in accord with similar observations by Bunker and 
Stevens! in 1925. 

Starch grains, swelled with water at a temperature between 
60-70° could be hydrolyzed. Of twenty-two determinations all 
showed hydrolysis but the differences were too small to be signifi- 
cant; likewise in eight runs with barley starch (warmed), starch 
from sprouted barley, and partially ripened bananas. Raw starch 
was not hydrolyzed if the precaution was taken to separate, by 
centrifuging, the whole grains from the ruptured grains before 
setting up the system. Ruptured grains are hydrolyzed. 

Lest the conditions had been brought so near to optimum, or 
ihe reaction so stabilized that a slight additional energy incre- 
ment from polarized light could not be demonstrated, buffers were 
abandoned for fourteen runs. Results with distilled water or tap 
water, without buffers, were so erratic that not only was it impos- 
sible to compare between the two kinds of illumination, but it was 
even impossible to duplicate results when water and reagents 
from a given set of stock bottles were used. This surprising 
result suggests that in a limited number of observations, one might 
be led to believe that polarized light, heterogeneous light, or 
darkness is superior to the other two conditions by as much as 
57 per cent difference, if unbuffered solutions are used. It is only 
by numerous repetitions that the inherent error of such method is 
proved. 

The foregoing experiments are reported, although without 
detail, because the conclusions regarding whole starch grains are 
at variance with preceding reports by others, and because the 
importance of buffers in such tests seems not to have been ade- 
quately stressed elsewhere. 

In further work greater precision of measurement than that 
of the unmodified Folin-Wu method, and certain refinements of 
apparatus were employed. 

Cells were prepared of 30 ce. capacity, stoppered with rubber 
stoppers fitted with valves to diminish evaporation, while slight 
expansion and contraction were allowed for. The bottoms of one 
pair of cells were cut from the same piece of plate glass. 

Solutions for the cells were made from 4.5 ce. of 4 per cent 
suspension of potato starch added to 150 ce. of boiling phosphate- 
sodium chloride buffer of pH 6.2. After boiling 1 minute and 
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then cooling to the bath temperature, there was added 0.25 ee. of 
0.25 per cent solution of taka-diastase in buffered solution. The 
cells previously held in the air bath 1 hour were filled from this 
mixture without removal from their respective positions, and the 
stoppers replaced at once. 

Sugar determinations were made by the Folin-Wu method, 
modified for the following reasons. The amount of copper re- 
duced by a given amount of glucose is influenced by the hydrogen 
ion concentration of the mixture in which the reduction takes place 
(14). Fig. 2 shows hew the experimentally determined values of 
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Fic. 2. Effect on glucose determinations caused by varying concentra- 
tions of buffer containing 1 part of NasHPO, + 99 parts of NaH2PO,. The 
true value is 200 mg. per liter. The determined values are indicated 
by dots. 


reducing sugar differed from actual concentration when a poorly 
buffered standard was used, in measuring sugar solutions of 
varying buffer value. To secure accurate determinations it is 
necessary that unknown and standard both be of similar pH and 
buffer values. For our work, therefore, standards and starch 
solutions were prepared of the same buffer index. A second error 
occurs if the standard and unknown are of appreciably different 
sugar content. If the unknown is weaker than the standard, the 
result is lower than it should be; if stronger, the result read is too 
high. Wright (15) has shown that satisfactory corrections may 
be applied only if such corrections are individually determined for 
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each set of experiments. We found that with the reagents used 
in these experiments, the following corrections are fairly satis- 
factory. 


Standard. Correct reading. 
‘ Robs. — 20 
100 mg. per liter at 20 mm. Reorr. = Robs. — 4 (1) 
Robs. — 20 


In order to obtain more reliable results it is necessary to employ 
a standard whose color intensity is very nearly the same as that of 
the unknown. ‘The preparation of enough standards to cover the 
range of values to be expected in any given run, with sufficiently 
small intervals of difference, was not practicable. The following 
method was devised to overcome this difficulty, and proved 
satisfactory. 

Stock standards were prepared in concentrations of 400, 287, 
178, 119, and 79 mg. of glucose per liter. (Each is ? the concen- 
tration of the next higher, and 13 times that of the next lower.) 
In the test of the method we employed concentrations for our 
unknowns which were the mean of each pair of adjacent stock 
standards; 2.e., 333, 222, 148, and 98.7. In our trial of the method 
the color was then developed on these unknowns in the usual way 
on 2 cc. portions of each, and the color compared with a working 
standard prepared by mixing equal portions of next higher and 
lower stock standards, after the color in each had been independ- 
ently developed. It was assumed that the color value of the 
working standard so prepared was the mean value of the two stock 
standards from which it was prepared. 

All results experimentally obtained in this test of the method, 
agreed with the true value of the unknowns. Each trial was 
repeated nine times, and the average errors were less than 0.5 
per cent, irrespective of the concentration of sugar which was 
being measured. 

The points chosen for the unknowns were purposely taken mid- 
way between the stock standards where the greatest error occurs 
in the usual method of unadjusted arbitrary standards. Since the 
determined error at this point is so small, it is assumed that the 
method is suitable for the entire range of color comparison. 
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Table I shows the proportions of any two adjacent stock 
standards to be mixed to yield any intermediate working standard. 

In using the method, the concentration of sugar is first roughly 
determined by comparison with the stock standard which it most 
nearly matches, and by correcting the reading by Equation 1 or 2, 
interpolating or extrapolating where necessary, and solving the 
equation by the usual 

Cua X Rat 
Ru 


Cy. = 


The concentration of the unknown (C,), or a close approxima- 
tion to it, is then found in Columns 1 to 6 of Table I. On the 


TABLE I. 


Showing Proportions in Which Standards Are to Be Mixed in Order to Make 
Desired Intermediate Standards. 


(1) (2) (3) (4) (5) (6) (7) (8) 
400 267 178 119 79 52.7 24 0 
385 257 171 114 76.2 50.7 24 3 
374 249 166 111 73.8 49.2 24 6 
363 242 162 108 71.8 47.8 24 9 
349 233 155 103 68.9 45.9 24 15 
338 225 150 100 66.7 44.5 24 21 
333 222 148 98.7 65.8 43.8 24 24 
320 213 . 142 94.8 63.2 42.2 16 24 
311 207 138 92.3 61.5 41 12 24 
300 200 133 89 59.3 39.5 8 24 
286 190 127 84.7 56.4 37.7 4 24 


same line in Column 7 will be found the amount to be taken of 
the stock standard whose value heads the column in which the 
C,, was found. In Column 8 on the same line is the amount of the 
next lower stock standard to be mixed with it to furnish a useful 
working standard. A new comparison with this working standard 
is now made in the colorimeter. 


Determinations of Conversion of Potato Starch to Reducing Sugar 
by Taka-Diastase. 


Cells were set up with potato starch and taka-diastase in 
buffer solution, three at a time for four different runs each of 7 
or 8 hours duration, at the temperature already specified. 


Glucose — my'ms. per Liter 
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Sugar determinations were made at time intervals as indicated 
as abscissxe in Fig. 3. The curves themselves are drawn through 
the points obtained by determining the concentration of reducing 
sugar in the cells held in the dark, but the individual dark deter- 
mination points are omitted to make the diagram less complicated. 
Dark points were determined with the same frequency as the 
plotted light points. The curves are dropped each ten units below 
the preceding one and set over a few minutes to the right to avoid 
crowding. 

Each point plotted represents a triplicate or in some cases a 
duplicate determination, the results and times of which are 
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Fic. 3. Conversion of potato starch to glucose. 


averaged on the working assumption that over such a short time 
interval (2 to 5 minutes) the curve could be regarded as a straight 
line. | 
Time was recorded as the number of minutes from the addition 
of enzyme to starch solution to the withdrawal of the sample from 
the cell. As each sample was discharged from the pipette into 
alkaline copper tartrate it was assumed that hydrolysis stopped. 
Triplicate 2 ec. samples were taken from each cell as rapidly as 
possible. Previous work indicated that the expected hydrolysis 
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rate in each cell would be approximately the same. ‘Three 2 cc, 
portions of stock standards which would probably cover the range ( 
of the three unknowns (taken at slightly different times) were 
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Fic. 4. Method of computing values for points plotted in Fig. 3. 


selected. The one which most nearly matched the unknown g 
taken in the mid position (in respect to time) was selected from 8 
which to prepare a working standard, from the data in Table I. 
From this the concentrations in the unknowns were determined. 
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In Fig. 4 are shown on a larger scale typical sets of individual 
determinations which furnished the average values plotted in 
Fig. 3. 

It appears in Fig. 3 that hydrolysis is slightly more complete 
in each of four runs at the end of 7 or 8 hours in those cells which 
were exposed to heterogeneous light than in the corresponding cells 
exposed to plane-polarized light, but the differences are slight 
at every point in the curve. 

It will be shown later that these differences are due not to the 
nature of the illumination but to a slight temperature gradient 
between cells even though the temperature of the bath was 
closely controlled. The amount of this temperature difference 
between cells is shown by thermocouple measurements to be not 
more than 0.37°. The air was circulated rapidly and continuously, 
but it is obvious that the air leaving the heater element was hottest 
and that the air just before it reached the heater again was coolest. 
The air around the first cell to be reached was accordingly warmer 
than that reaching the last cell in the course of air travel. In the 
experiments just reported it so happened that the warm air reached 
the cell illuminated by heterogeneous light first, the dark cell 
second, and that illuminated by polarized light third. 


Conversion of Starch to Dezxtrins. 


Macht (10) has reported that, as estimated by the color reaction 
with iodine, the hydrolysis of soluble starch in the presence of 
taka-diastase is accelerated by exposure to polarized light. This 
type of reaction was therefore studied. Except for changes made 
necessary by employing the IKI reaction, the technique was the 
same as that already recorded. 

The concentration of starch was increased to 3.4 gm. per liter 
and the taka-diastase was decreased to 2 mg. per liter. The 
higher concentration of starch made it possible to make deter- 
minations on 1 cc. samples except in the later stages when, owing 
to absence of starch and low concentration of erythrodextrin, 
larger samples were taken. The lower concentration of enzyme 
gave a slower rate of conversion and permitted the reaction to be 
studied for 6 to 7 hours before the color with iodine became too 
faint to match. 

Each sample as taken from the cell was added to 25 ce. of solu- 
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tion containing 0.03 gm. of iodine and 0.06 gm. of potassium iodide 
per liter. The color so obtained was sufficiently stable to warrant 
the assumption that hydrolysis was stopped by this mixing. 

As a rule, a group of thirteen samples was taken at 2.5 minute 
intervals. Every other one of these (Samples 1, 3, 5, etc.) was 
taken from the control in the dark. The intervals between 
successive dark controls was therefore 5 minutes. Samples 2, 6, 
and 10 were from the cell in heterogeneous light; while Sam- 
ples 4, 8, and 12 were from the cell ir polarized light. The order 
of sampling, it will be evident, was dark, heterogeneous, dark, 
polarized, dark, etc. 

Each sample from a lighted cell was calculated against two dark 
adjacent samples that nearly matched it in color. To accomplish 
this, a special colorimeter was built upon a Bausch and Lomb 


Fria. 5. Arrangement of cups in Anderson bicolorimeter. 


biological colorimeter chassis. ‘The scheme of cups is shown in 
Fig. 5. All three cups are independently adjustable by rack and 
pinion and each has its own vernier scale. 

If one attempts to match the iodine color of partially hydrolyzed 
starch against a combination of superimposed colors developed 
from starch and erythrodextrin respectively, it will be found 
impossible to match the shade of the first solution with any com- 
bination of the two latter. This difficulty may be circumvented 
by using in Cups B and C, samples of the same hydrolysis asin 
Cup A but taken in point of time before and after the sample in 
Cup A. The unknown is now matched against these and the re- 
sult expressed, not in absolute quantities, but as “‘equivalent time 
of hydrolysis,”’ the progress of the dark hydrolysis being used as 4 
basis of comparison. When all three rates of hydrolysis are sub- 
stantially the same this proves a useful method of comparison. 
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In Fig. 6, if the ordinate scale of 100 is taken as the time of 
hydrolysis in the dark, the curve for the latter becomes a hori- 
zontal line, saving space and making it possible to plot the ordi- 
nates of the other hydrolyses on a iarger scale and bring out more 
clearly any differences. 

It was found that best results were obtained by using in Cups 
B and C (Fig. 5) solutions in which the hydrolysis time did not 
differ by more than 20 minutes. 

The first seven of the thirteen samples were therefore matched 
against Samples 1 and 7, and the last seven samples against the 
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Fia. 6. Effect of reversing air current upon hydrolyses. 


pair, Samples 7 and 13. Thus Sample 7 was matched against each 
pair of standards. 

Each of the thirteen samples was matched in Cup A, set at the 
same level as Cup B, by varying the proportion of the color in 
BC through movement of Cup C. The readings of Cup C serve 
as a satisfactory record of differences between samples in Cup A, 
and furnished the data for the points plotted in Fig. 6. ' 

Table II shows how these points were determined for the first 
two measurements of the sample in Cup A in Fig. 6. 

The calculation from the colorimeter reading was done in the 
following manner. The first two controls (Samples 1 and 3, 
Table IT) differed in hydrolysis by 5 minutes and by 7.2 mm. in 
their readings in the colorimeter. Each mm. therefore corre- 
sponded to .5,, or 0.7 minute. The first irradiated specimen 
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(Sample 2) differed from the first control by 3 mm.; that is, 
2.1 minutes. The ‘equivalent time” is, therefore, 2.5 + 21 
minutes = 4.6 minutes, or 92 on the scale of 100. By the same 
calculation the sample from the cell that had been kept in polar- 
ized light (Sample 4) may be shown to be 3.1 minutes ahead of 
Sample 3 in ‘‘equivalent time,” giving a value of 10.6 minutes, or 
106 on the scale of 100. The apparent magnitude of the errors or 
irregularities in the earlier determinations is due to their exaggera- 
tion on changing to a scale of 100. Actually, as measured in min- 
utes, the irregularities were small. 


TABLE II. 
Computation of Comparative Hydrolysis Values for First Five Points Plotted 
on Fig. 6 A. 
Cup A = Samples 1, 2, 3, etc. Cup B = Dark Sample 1. Cup C = Dark 
Sample 7. 
Equiva- | Compara- 
Semple | Source, ime, | | | tive 
min. mm. mm. min. 
1 Dark. 2.5 0 2.5 100 
2 Non-polarized. 5.0 3 4.6 92 
3 Dark. 7.5 7.2 7.2-0 7.5 100 
3 Dark. 7.5 72 7.5 100 
4 Polarized. 10.0 11.8 10.6 106 
5 Dark. 12.5 14.7 14.7-7.2 12.5 100 


The method of computing Samples 2 and 4 is given in the text. 


The results of five runs each are recorded in A and B of Fig. 6. 
In a single run the time required for comparing in the colorimeter 
the solutions from a group of thirteen samples necessarily left a 
blank space in the record between the values for this group and the 
next. The determinations in the different runs were therefore 
timed so as partially to fill in these portions. The results of all 
determinations were recorded; none was thrown out because of 
failure to agree with the majority. 

The results are averaged in the values plotted in Fig. 6 as large 
squares and triangles, and at the extreme right is shown the 
direction of the air current in each case. The results plotted in 
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C were obtained with all three cells in the dark, but in the same 
positions as in the regularruns. That is to say, the only difference 
was that the light was off during the two runs that furnished the 
data for C. The results show that in none of our experiments did 
polarized light have any special effect on the rate of hydrolysis. 
It is true that the reaction proceeded somewhat faster in light than 
in the dark, but the same result was observed whether the solution 
was exposed to heterogeneous or polarized light, and was most 
probably caused by the slight increase in temperature due to radi- 
ations absorbed at the lower surfaces of the rubber stoppers with 
which the cells were covered. The apparent differences in the 
effects of polarized and non-polarized light were apparently due 
entirely to differences in temperature. By reversing the direction 
of the air current, and with it the slope of the temperature gradi- 
ent, either of the two irradiated specimens could be made to 
exceed the other in rate of hydrolysis. 


SUMMARY AND CONCLUSIONS. 


Numerous experiments have been made to determine any effect 
of polarized light on the hydrolysis of starch by taka-diastase. 
Starch grains, swelled starch grains, broken starch, and soluble 
starch have been employed. Starch from potato, barley, and 
banana has been studied at various times. Raw starch from 
sprouted barley with its own enzymes instead of taka-diastase 
was included. 

Measurements of starch hydrolysis were made by the Folin-Wu 
method of determining blood sugar, and by a modification of this 
method employing solutions throughout of equal buffer index. 
Measurements of hydrolysis were also made with a specially de- 
signed bicolorimeter, in which hydrolyses more or less advanced 
than the unknown were employed and the combined starch-dextrin 
color components measured by the superimposed standards. 

Although the temperature of the air bath was at all times 
constant within +0.02° at a given point, and although there was 
a rapid circulation of air at all times, there was nevertheless a 
temperature gradient of 0.37° difference between the two cells 
illuminated respectively with polarized and with non-polarized 
hight. This temperature difference caused a variation in hydrol- 
ysis after several hours. 
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By changing the direction of the air current, it was possible to 
demonstrate beyond doubt that in these experiments there was no 
accelerating effect of polarized light upon starch hydrolysis by 
diastase. 

These results are in disagreement with the original reports 
upon the subject and with two reported confirmations of the orig- 
inal reports, although agreeing with the one reported failure to con- 
firm them. Being unable to gain access to sufficiently exact data 
on any previous work, and being entirely unaware of the precision 
of measurements upon which earlier conclusions were based, we 
do not know whether conditions in our experiments were com- 
parable to those in earlier work. In order that others interested 
in the subject may repeat this work, if they desire, we have given 
complete essential data on all experiments. 

In the absence of such data in other reports, and in light of the 
subtle nature of the errors which creep into measurements of 
enzyme activity (some of which we have indicated), we feel that 
the burden of proof lies with those who believe that polarized 
light, rather than some unchecked error of manipulation or 
observation, is responsible for the accelerated hydrolyses reported 
by them. 
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SOME CHEMICAL INVESTIGATIONS OF EMBRYONIC 
METABOLISM. 


I. THE ISOLATION OF FOUR PENTOSE NUCLEOTIDES FROM 
CHICKEN EMBRYOS.* 


By H. O. CALVERY. 


(From the Laboratories of Physiological Chemistry, the Johns Hopkins 
University, School of Medicine, Baltimore, and the Medical 
School of the University of Michigan, Ann Arbor.) 


(Received for publication, March 2, 1928.) 
INTRODUCTION. 


A casual investigation of the literature may lead one to the 
conclusion that there is a hexose nucleic acid which occurs only 
in animal tissues and a pentose nucleic acid which is found only 
in plant tissues. While this conclusion may be correct, a dis- 
quieting factor presents itself in the wide-spread distribution of 
pentose nucleotides in animal tissues. 


The first nucleic acid derivative of any kind to be isolated from animal 
tissues Was inosinic acid, or hypoxanthine nucleotide, obtained from meat 
extract by Liebig in 1847 (1). Hammarsten (2) in 1894, isolated a 8-nucleo- 
protein from the pancreas and found that it contained phosphoric acid, only 
one purine, namely guanine, and a substance which he believed Was a 
pentose. From this nucleoprotein Steudel (3), in 1907, prepared guanylic 
acid, or guanine nucleotide, which has since been found in a large number 
of animal glands (4). 

In 1914, Bass (5) reported the presence of purine bases in the blood in a 
combined form, one of which he identified as adenine and suggested that it 
is present in the form of adenylic acid. In 1923, Jackson (6) prepared a 
uranyl compound from human blood which had all the properties one would 
expect of the uranyl salt of adenine nucleotide. It contained adenine, gave 
the pentose color reactions, and contained its phosphoric acid in an easily 
hydrolyzable form. A year later (7) he obtained an amorphous substance 


* The research reported in this paper has been greatly facilitated by the 
aid of a grant from the Faculty Research Fund of the University of Michi- 
gan for the purchase of a microanalytical balance and equipment. The 
author wishes to take this opportunity to express his appreciation to the 
committee in charge of this fund. 
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from blood and with the evidence furnished by his earlier work he concluded 
that he had ‘‘either the so called adenine uracil dinucleotide or what is far 
more likely, a mixture of nucleotides.’’ 

Adenine nucleotide was isolated in crystalline form from pig blood in 
1925 by Hoffman (8). In the meantime Jones and Perkins (9), after prep- 
aration of large quantities of Hammarsten’s §-nucleoprotein from the 
pancreas of both pig and beef, were able to isolate and definitely identify 
three pentose nucleotides from this substance. These were guanine nucleo- 
tide (guanylic acid), adenine nucleotide (adenylic acid), and cytosine nu- 
cleotide. 

These pentose nucleotides may conceivably have their origin in the pen- 
tose nucleic acid of the diet, but their wide-spread distribution in animal 
tissues at least admits of the possibility of a doubt. 

In 1885, Tichomiroff (10) showed that there was a synthesis of purine 
bases during the development of insect eggs, while a year later Kossel (11) 
showed that large quantities of purines appeared in the hen’s egg during 
development, whereas no purine bases were present in the fresh egg. In 
1903, Mesernitzki (12) investigated the purine content of hen’s eggs before 
incubation and at different stages of development. He reported the purine 
bases as xanthine only and found that there was no increase. His method 
of hydrolysis would undoubtedly convert guanine into xanthine and adenine 
into hypoxanthine for he hydrolyzed the material by boiling with 5 per cent 
sulfuric acid for 15 hours. His results are probably not very significant 
since they do not agree with those of other investigators and his methods 
are doubtful. The work of Mendel and Leavenworth (13) agrees very 
closely with that of Kossel. Plimmer and Scott (14) have reported small 
amounts of nuclear material in the fresh egg and a very marked increase 
during the period of development. They did not isolate and identify any 
of the purine bases. 


These investigations leave no doubt that purine bases are 
synthesized during embryonic development. Are they combined 
or free? If combined, are they present as hexose nucleic acid, 
pentose nucleic acid, or their derivatives? An attempt has been 
made in the present investigation to answer, at least, a part of 
these questions. 

It is very difficult to isolate and purify pentose nucleic acid so 
that it is of constant composition and will lend itself to chemical 
analysis. However, the nucleotides which are obtained on hydrol- 
ysis of pentose nucleic acid can be purified by crystallization and 
have definite well defined properties. The methods used in this 
investigation would not yield pentose nucleic acid itself, even if 
present, but would enable one to isolate its hydrolysis products as 
nucleotides. 
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EXPERIMENTAL. 


A preliminary investigation was made to determine whether or 
not chicken embryos would yield a 6-nucleoprotein. Each embryo 
at the 18th day was found to contain about 359 mg. of what has 
been designated in this investigation as crude 8-nucleoprotein. 

After the preliminary investigation White Leghorn eggs were 
furnished by a hatchery during the months of February, March, 
and April, after they had been incubated for 18 days. A total of 
412 embryos has been used, whose aggregate weight, including 
the shell, was 27.5 kilos, and which gave 153 gm. of crude £- 
nucleoprotein. 

Crude B-Nucleoprotein.—The method is essentially the same as 
that followed by Jones and Perkins (9) in the isolation of nucleo- 
tides from the 8-nucleoprotein of the pancreas of both pig and beef. 
However, it will be given in detail for the method used here gives 
uracil nucleotide also. A typical experiment will illustrate the 
procedure. The egg shells were opened and if the embryo was 
living the whole egg was ground, in a meat grinder, to a fine pulp. 
127 embryos were treated in this manner and 5390 gm. of a semi- 
liquid pulp were obtained. The pulp was stirred with an equal 
weight of water for 1 hour, rapidly heated to Loiling, and boiled 
for 10 minutes with constant stirring. It was then cooled by an 
outside freezing temperature or in an ice bath to room temperature 
or below, strained through four folds of cheese-cloth, and pressed 
out thoroughly. After two washings with 2 liters of water at each 
washing the milky extracts were combined and poured on folded 
filters. After filtering for 10 minutes the filtrates were water- 
clear. The filtrates of the first 10 minutes were refiltered. The 
filtration is extremely slow but can be allowed to proceed over- 
night without fear of decomposition. Sometimes it was necessary 
to let them go for 48 hours but bacterial decomposition is very 
likely to occur in that length of time, especially in a warm room. 
The 6-nucleoprotein is not coagulable by heat and is present in 
the filtrate. 

The filtrate was treated with glacial acetic acid to maximum 
turbidity (8 to 10 cc. per liter.) An equal volume of 95 per cent 
alcohol was then added and the precipitate allowed to settle over- 
night. The mother liquor was decanted, the residue centrifuged, 
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washed with absolute alcohol, centrifuged again, and dried in g 
vacuum desiccator over sulfuric acid. 

Hydrolysis of 8B-Nucleoprotein.—The B-nucleoprotein was hydro- 
lyzed with 20 per cent ammonium hydroxide, a method proposed 
by Calvery and Jones (15) for the hydrolysis of yeast nucleic acid. 
The method is slow, requiring 3 to 4 weeks, but has several advan- 
tages, as pointed out by the above authors. Since the effect of 
protein and primary protein decomposition products on the 
separation of the nucleotides into the adenine and guanine frac- 
tions was not known, it was decided to take the hydrolysate 
through the process of precipitation with lead acetate and the 
subsequent removal of the lead with hydrogen sulfide, before the 
usual separation into two fractions. ‘The greater part of the pro- 
tein material no doubt remained with the lead sulfide on the filter. 
The filtrate from the lead sulfide was aerated and evaporated to a 
small volume at a low temperature, then to a syrup in a vacuum 
desiccator, and finally hardened by grinding to a white powder with 
absolute alcohol. The nucleotides are insoluble in strong alcohol, 
whereas phosphoric acid, which is the chief impurity at this point, 
is readily soluble. The alcoholic filtrate was evaporated to a 
syrup and rehardened with absolute alcohol. In this way there 
is minimal loss of uracil nucleotide, the one most soluble in alcohol. 

Adenine and Guanine Fractions.—The above hardened material 
was dissolved in 4 times its weight of hot water, made slightly 
alkaline with ammonium hydroxide, cooled, and an equal volume 
of absolute alcohol was added. ‘This separates the nucleotides 
rather sharply into two fractions. The insoluble part consists 
almost wholly of the ammonium salt of guanine nucleotide and 
the soluble part contains the ammonium salts of the other three 
pentose nucleotides when they are present. Each fraction may 
be further purified by repeating the process. 

Guanine Nucleotide.—Crystalline guanine nucleotide was pre- 
pared exactly as described by Buell and Perkins (16) and the de- 
tails need not be repeated here. On analysis the following values 
were obtained: 


Micro-Dumas-Preg]! for nitrogen (17). 
I. 3.287 mg. gave 0.510 ce. of N at 24° and 743 mm. 


Required for guanine nucleotide......................5 N 17.54. 
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Brucine Salts of the Adenine Fraction.—The filtrate from the 
ammonium salt of guanine nucleotide above was completely 
freed from guanine nucleotide and acidified with acetic acid. An 
equal volume of hot water was added and the material was taken 
through the lead procedure for the preparation of the free nucleo- 
tides. The filtrate from the lead sulfide was aerated, concen- 
trated to a syrup, and hardened by grinding with absolute alcohol 
until the substance became a white powder. ‘The alcoholic fil- 
trate was evaporated to a syrup which was hardened by grinding 
with absolute alcohol a second time. The hardened material 
was dissolved in 3 times its weight of hot water and the solution 


TABLE I. 


Recrystallization No. Per cent of N. 


Connor 
~] 


Required for brucine salt of uracil 


was neutralized to litmus with brucine. ‘The brucine salts of the 
nucleotides were filtered and recrystallized nine times from 35 per 
cent alcohol. 

Analysis of the brucine salts of the adenine fraction after each 
crystallization shows a diminishing nitrogen content and signifies 
a separation of the nucleotides by this process. Usually after the 
fifth or sixth crystallization the percentage of nitrogen is the same 
as that for the brucine salt of uracil nucleotide and does not 
change with subsequent recrystallizations. The percentage of 
nitrogen after each recrystallization is indicated in Table I. 

Adenine Nucleotide.—The filtrates from the first and second 
crystallizations of the brucine salts contain most of the adenine 
nucleotide. The brucine salt of adenine nucleotide was carried 
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through the usual procedure for the preparation of the crystalline 
nucleotide. Analytical data are presented. 
Micro-Dumas-Pregl for nitrogen (17). 


I. 3.494 mg. gave 0.595 cc.of N at 24.5° and 742 mm. 


Required for adenine nucleotide........................ N 19.18 


Cytosine Nucleotide.—The brucine salts obtained from the 
filtrates of the fourth, fifth, and sixth reerystallizations mentioned 
above were used for the preparation of cytosine nucleotide by the 
common procedure. The slightly high analytical values obtained 
at this point indicate that the cytosine nucleotide is practically 
free from even traces of adenine nucleotide as impurity. 
Micro-Dumas-Pregl for nitrogen (17). 


I. 3.743 mg. gave 0.440 ec. of N at 24.5° and 736 mm. 
TI. 4.115 “ 


Required for cytosine nucleotide....................... N 13.00. 


Uracil Nucleotide.—As the free nucleotide is very difficult to 
prepare in a erystalline form its preparation was not attempted 
with the small amount of material available. However, the 
crystalline ammonium salt was prepared, from which the crystal- 
line lead salt was prepared according to the method described by 
Levene (18). 

Micro-Dumas-Pregl for nitrogen (17). 


I. 7.770 mg. gave 0.370 ec. of N at 24° and 739 mm. 
IT. 7.916 0.379 66 93° “ 739 


Required for lead salt of uracil nucleotide............... N 5.29. 

DISCUSSION. 


The foregoing evidence shows that developing chicken embryos 
synthesize the pentose nucleotides. It is quite probable also that 
they have the power to synthesize the nucleic acid which yields 
these nucleotides on hydrolysis. The author believes that the 
B-nucleoprotein obtained in this work is a protein conjugated with 
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what is commonly called yeast nucleic acid. The presence in 
animal tissues of all four of the pentose nucleotides which are 
obtained on hydrolysis of yeast nucleic acid makes it seem wise 
to substitute some other term for the nucleic acid of plants. Since 
the terms thymus or animal nucleic acid and yeast or plant nucleic 
acid no longer possess their original significance, the author sug- 
gests that the terms hexose nucleic acid and pentose nucleic acid 
be substituted for them. The nomenclature would be uniform, 
as we would then have pentose nucleic acid, pentose nucleotide, and 
pentose nucleoside; also hexose nucleic acid, hexose nucleotide, and 
hexose nucleoside. Since all the known nucleic acids and their 
derivatives belong to these two groups it is not necessary to 
designate them by their source and complicate the nomenclature. 


SUMMARY. 


1. A 6-nucleoprotein has been prepared from chicken embryos 
which is similar in many of its properties to the 8-nucleoprotein 
obtained originally by Hammarsten from pancreas. 

2. All four of the pentose nucleotides obtained on hydrolysis of 
the nucleic acid from yeast have been obtained from the 6-nucleo- 
protein of chicken embryos. 

3. A suggestion is made to substitute the two terms hexose 
nucleic acid and pentose nucleic acid for the many terms that are 
used at the present time to refer to these two substances. The 
nomenclature for nucleic acid, nucleotide, and nucleoside would 
then be uniform. 
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SOME CHEMICAL INVESTIGATIONS OF EMBRYONIC 
METABOLISM. 


II. THE ISOLATION OF A HEXOSE NUCLEIC ACID FROM 
CHICKEN EMBRYOS.* 


By H. O. CALVERY. 


(From the Laboratories of Physiological Chemistry, the Johns Hopkins 
University, School of Medicine, Baltimore, and the Medical 
School of the University of Michigan, Ann Arbor.) 


(Received for publication, March 2, 1928.) 
INTRODUCTION. 


In the preceding paper the isolation of four pentose nucleotides 
from chicken embryos was reported. It was possible to isolate the 
nucleotides since they have very characteristic properties and are 
easily purified and identified. The nucleic acid from which they 
are derived is not easily purified and has no characteristic proper- 
ties except that on hydrolysis it yields the nucleotides. This is 
not true of the known hexose nucleic acid occurring in nature. 
However, the work of Levene (1) and a number of other investiga- 
tors (2-6), points very definitely to the fact that the hexose nucleic 
acid is a hexose tetranucleotide similar in structure to the pentose 
nucleic acid. Yet the free hexose nucleotides have not been 
prepared. 

The early work of Hammarsten (7) and the more recent methods 
(8) of preparation and purification of hexose nucleic acid from 
different sources make it possible for one to prepare, from the same 
animal tissues, the hexose nucleic acid and the pentose nucleotides, 
since there is a marked difference in the solubility in boiling water 


* The research reported in this paper has been greatly facilitated by the 
aid of a grant from the Faculty Research Fund of the University of Michi- 
gan for the purchase of a microanalytical balance and equipment. The 
author wishes to take this opportunity to express his appreciation to the 
committee in charge of this fund. 
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of the a-nucleoprotein, which contains the hexose nucleic acid and 
the 6-nucleoprotein which yields the pentose nucleotides. The 
isolation of a compound from chicken embryos, which has several 
of the properties of a hexose tetranucleotide and which the author 
believes to be identical with the hexose nucleic acid of other animal 
tissues, is reported below. 


EXPERIMENTAL. 


Hexose Nucleic Acid.—Since in the preceding investigation it 
has been shown possible to prepare pentose nucleotides from 
chicken embryos it seemed advisable to investigate the hexose 
nucleic acid content of the same material. It is well known that 
when tissues are ground to a pulp and suspended in boiling water 
the a-nucleoprotein is coagulated while the 8-nucleoprotein re- 
mains in solution. Furthermore it is the a-nucleoprotein which 
contains the hexose nucleic acid and the $-nucleoprotein which 
contains the guanylic acid and other pentose nucleotides. A 
typical experiment is given. 

Twenty whole embryos, at the age of 18 days, were ground toa 
fine pulp in a meat grinder. The total weight was 1011 gm. The 
pulp was stirred for 1 hour with an equal weight of cold water, 
heated rapidly to boiling, boiled with constant stirring for 10 
minutes, and then cooled to about 15° in an ice bath. The result- 
ing material was strained through four folds of cheese-cloth, pressed 
as dry as possible, washed twice with 300 ec. of water, and pressed 
out thoroughly each time. 

The coagulum was added slowly to 1500 ce. of a boiling solution 
containing 24 gm. of sodium hydroxide and 75 gm. of sodium 
acetate, boiled for 10 minutes, and then heated on a steam bath 
for2hours. Most of the material dissolved. The resulting solution 
was diluted with 500 cc. of water and acetic acid was added until 
it showed a slight acidity to litmus. Care should be taken at this 
point. Adjustment of the acidity for most rapid filtration can be 
made by alternate addition of sodium hydroxide and acetic acid. 
About 35 ee. of glacial acetic acid are required. When the acidity 
was most favorable for rapid filtration the contents were heated to 
boiling and filtered on a hot water funnel. The filtrate was then 
evaporated to 300 ec. on a steam bath and the resulting concen- 
trated solution, which was highly colored, was poured into a liter of 
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95 per cent alcohol. When allowed to stand overnight a flocculent 
precipitate, consisting chiefly of sodium nucleate, settled out. 
The brown-colored supernatant alcoholic solution was decanted 
and the precipitate washed twice by decantation with 95 per cent 
alcohol. The alcohol was pressed out as thoroughly as possible 
by means of aspatula. ‘The precipitate was dissolved in 300 cc. of 
hot water, heated for 30 minutes on a steam bath, decanted from 
insoluble phosphates, and the decanted fluid treated with 10 cc. of 
10 per cent sodium hydroxide. It was then filtered on a hot water 
funnel; the filtrate was made faintly acid with acetic acid and 
poured into a liter of 95 per cent alcohol. The precipitated sodium 
nucleate was washed twice by decantation with 95 per cent alcohol 
and twice with absolute alcohol, filtered, and dried in a vacuum 
desiccator. The yield was 2.5 gm. The material was further 
purified by the procedure described by Levene (1). 

3 gm. of the above material were dissolved in 100 cc. of 0.5 per 
cent sodium hydroxide and boiled for 30 minutes. After neu- 
tralization with acetic acid, 10 ce. of 5 per cent colloidal iron were 
added. It was then filtered and 200 cc. of methyl alcohol con- 
taining 2 per cent of hydrochloric acid were added to the filtrate. 
The precipitate was washed with methyl alcohol until free from 
hydrochloric acid. After drying in a desiccator over sulfuric acid 
the yield was 1.2 gm. 

From the method of preparation it is evident that this sub- 
stance cannot be a pentose nucleic acid, for heating with alkali com- 
pletely decomposes pentose nucleic acid, while hexose nucleic acid 
is not affected by this treatment ((8) p. 52), (1, 9-11). Steudel 
and his coworkers (9) have shown that treatment of pentose 
nucleic acid for only a few minutes at the room temperature with 
very dilute sodium hydroxide liberates the guanine nucleotide. 
Jones and Perkins (12, 13) realized the value of this method and 
have applied it extensively to the study of the hydrolysis products 
of pentose nucleic acid. 

It may also be well to point out that there is other evidence 
against the possibility of this substance being a pentose nucleic 
acid. A 4 per cent solution of the hexose nucleic acid of other 
sources forms a gelatinous solution when cold (2) while this is not 
true of the pentose nucleic acid. The compound reported here 
forms a gelatinous solution in this concentration. Furthermore, 
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the characteristic pentose color reactions which are so strongly 
positive with yeast nucleic acid are not given by this compound. 

Positive evidence is presented below in the form of analytical 
data, specific rotation (2), and the quantitative relationships of 
the adenine and guanine to the original substance and to each 
other. 


Micro-Dumas-Preg] for nitrogen (14). 
I. 6.850 mg. gave 0.878 cc. of N at 24° and 736 mm. 


Calculated for hexose Found. 
tetranucleotide. I, II. III. IV. 

III. 4.609 mg. gave 28.083 mg. of ammonium phosphomolybdate. 

lV. 3.209 19.634 sé “ ““ 
Specific Rotation. 

Per cent. Observed a, [«]> 

4.00 5.84 146.0 

3.40 4.79 141.1 

2.80 3.71 132.5 

2.20 2.73 124.0 

1.60 1.77 110.6 

1.00 0.98 98.0 

0.60 0.52 86.6 

0.40 0.35 87.5 


Preparation of Guanine.-—400 mg. of the hexose nucleic acid 
were heated for 1 hour with 5 cc. of 7 per cent sulfuric acid on a 
steam bath. The solution, which was highly colored, was roughly 
neutralized, while still hot, with concentrated ammonia solution. 
An excess was then added until the solution contained about 2 
per cent of ammonium hydroxide. When allowed to stand over- 
night the guanine precipitated almost quantitatively but usually 
contained a small amount of phosphates. The yield was 46 mg. or 
11.50 per cent. The theoretical yield is 10.51 per cent. The 
crude guanine was dissolved in hot 5 per cent hydrochloric acid, 
decolorized with charcoal, and the colorless filtrate allowed to 
stand in an ice box. Guanine hydrochloride crystallized in 
beautiful needles. 
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Micro-Dumas-Preg]l for nitrogen (14). 
I. 2.677 mg. gave 0.757 cc. of N at 23° and 731 mm. 
Micro-Preg] for water of crystallization (14). 
II1. 8.323 mg. lost 1.328 mg. in a vacuum desiccator. 


Calculated for Found. 
C;H;N;0-HCI-2H20. I. Il. Ill. 


Preparation of Adenine Picrate.—An excess of silver nitrate and 
of ammonium hydroxide were added to the filtrate from the guanine 
of the above experiment. Care must be taken that too large an 
excess of ammonium hydroxide is not added since the silver salts 
of the purines are soluble in large excesses of that reagent. The 
precipitate of silver adenine was removed by filtration, washed, and 
suspended in hot water. The silver was removed by an addition 
of a slight excess of hydrochloric acid. The silver chloride was 
removed by filtration, washed, and an excess of a saturated solu- 
tion of picric acid was added to the combined filtrate and washings. 
After a short time the precipitate of adenine picrate separated. 
It had the characteristic appearance of matted hair. The melting 
point after recrystallization was 296° when heated rapidly as 
advocated by Vickery and Leavenworth (15). The yield was 
96 mg. 

Micro-Dumas-Preg] for nitrogen (14). 


I. 3.561 mg. gave 0.936 cc. of N at 25° and 741 mm. 


Calculated for CsHsN:- Found. 
I. If. 
DISCUSSION. 


The evidence presented here is not absolute proof that a hexose 
nucleic acid has been obtained which is identical with thymus 
nucleic acid or the hexose nucleic acid obtained from any of the 
other animal organs. A diligent search of the literature would 
reveal that there is no absolute proof that any two of the known 
hexose nucleic acids are identical. There is so much evidence, 
however, that they have the same structure that their origin is 
often undesignated. 
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Since all the hexose nucleic acids agree closely in their properties 
and chemical composition it seems very likely that they do have 
the same structure. Furthermore, they yield the same products 
on hydrolysis. The only disagreement with this statement comes 
from the work of Johnson and Coghill (16), who have reported the 
isolation of 5-methyl cytosine from tuberculinic acid. As these 
authors have pointed out, there has been great uncertainty as to 
which pyrimidines function as primary constituents in the nucleic 
acid molecule. The work of Johnson and Coghill supports Jones 
and Perkins (17) in their belief that uracil nucleotide is a secondary 
derivative of cytosine nucleotide in the hydrolysis of yeast nucleic 
acid. Calvery and Jones (13) were unable to confirm the findings 
of Jones and Perkins when a different method of hydrolysis was 
used. Johnson and Coghill were fortunate in that tuberculinic 
acid contains two pyrimidines, one of which does not yield the 
other when it is deaminized. Whereas with yeast nucleic acid 
this is not the case. Their work is very significant, especially 
when one is considering the chemical composition of the hexose 
nucleic acids of other sources. 

Since the chief interest in the present investigation was to 
identify a hexose nucleic acid as distinct from the pentose deriva- 
tives also isolated, no effort has been made to identify the pyrimi- 
dines which occur in the compound reported here. Further 
investigations of embryonic metabolism are being made from a 
quantitative standpoint. 


SUMMARY. 


A compound has been prepared from chicken embryos which 1s 
similar in a number of its chemical properties and some of its 
hydrolysis products to the hexose nucleic acid obtained from other 
sources. These similarities justify the belief that it is the hexose 
nucleic acid which normally occurs in animal tissues. 
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TITRIMETRIC QUINHYDRONE ELECTRODES. 


A COMPARISON WITH THE HYDROGEN ELECTRODE FOR HY- 
DRION CONCENTRATION DETERMINATIONS IN PLASMA, 
WHOLE BLOOD, AND OTHER BIOLOGICAL FLUIDS. 


By GEORGE H. MEEKER anp JOHN G. REINHOLD. 


(From the Laboratory of Biochemistry of the Philadelphia General Hospital 
and the Biochemical Department of the Graduate School of Medicine of 
the University of Pennsylvania, Philadelphia.) 


(Received for publication, January 24, 1928.) 


The increased interest in hydrion concentration measurements 
has created a need for a simple method capable of reproducing 
the results obtained with the hydrogen electrode. Various modi- 
fications of the colorimetric method at first appeared to provide 
such a substitute, but recent studies have shown them to be 
erratic in many biological fluids. Among the other possibilities 
for a simplified method, the quinhydrone electrode seems to be 
the most promising because of the economies in time, material, 
and equipment which it makes possible. 

Several investigators (1-7) have reported the use of the quin- 
hydrone electrode for the determination of the pH of whole blood 
but have not given sufficient evidence concerning its accuracy. 
Others (S-12) have declared it to be unsuitable for such a purpose 
but have found it applicable to serum or plasma. Disagreement 
exists among the latter in regard to the size of the variation be- 
tween the hydrogen and quinhydrone electrodes, and also as to 
the best method for overcoming the drifts encountered when the 
quinhydrone electrode is used in undiluted serum or plasma. 
Cullen and Biilmann (8) found that the results obtained by the 
two methods agreed if the pH (quinhydrone) was calculated from 
readings made within 2 or 3 minutes after the addition of the 
qunhydrone. However, Vellinger and Roche (11) concluded 
that the quinhydrone electrode gave low values and found it 
necessary to extrapolate their readings to zero time and to correct 
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for the protein content of their material. In their recent. paper 
Cullen and Earle (12) also report the use of extrapolation to zero 
from three successive readings at 30 second intervals. By this 
procedure they found that the quinhydrone electrode results were 
consistently 0.06 pH lower than those obtained with the hydrogen 
electrode in normal human serum. The difference was smaller 
and variable in two pathological sera. The work reported in the 
present paper was completed before that of Cullen and Farle had 
appeared, and it likewise deals with a comparison of the quinhy- 
drone and hydrogen electrodes. However, the results obtained 
are in agreement with those of Cullen and Biilmann and differ 
from those of the later workers. A number of other body fluids 
representing wide differences in reaction, buffering capacity, and 
protein content have been included in the comparison of the two 
methods. 

Of the methods available for the evaluation of quinhydrone 
electrode potentials, that described by Meeker and Oser (5) in 
which two electrodes are balanced titrimetrically is the most 
simple since it eliminates the potentiometer and its accessories. 
In addition it possesses certain theoretical advantages in that 
the secondary changes taking place in the test cell are to some 
extent paralleled by simultaneous changes in the titration cell so 
that errors caused by these changes are partially compensated. 
For similar reasons the salt error is probably reduced. ‘This 
method accordingly was adopted with modifications enabling 
the use of smaller amounts of material and making possible a 
decrease in the time required for the determination. 


Method. 


Briefly, the method is to balance the potential produced by the 
presence of quinhydrone in the solution of unknown pH with that 
similarly produced in a buffer mixture whose composition 1s 
known but which may be varied by the addition of either of the 
buffer components. Since the potentials are proportional to the 
pH, zero deflection of a galvanometer in the circuit indicates 
that the hydrion concentrations are the same in both cells. The 
pH may then be calculated from the relative proportions of the 
constituents of the buffer mixture. 

A test cell having a volume of approximately 1 ec. was designed 
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for the present study. It was enlarged at the open end so as to 
take conveniently a stopper carrying the electrode, stirring device, 
and salt bridge. Below the enlargement a constriction divided 
the cell and acted as a baffle during stirring, in this way decreasing 
the possibility of mixing the surface with that portion of the con- 
tents in which the electrode was suspended. <A second stopper 
carrying a thermometer was used during the interval required to 
bring the cell to the desired temperature. 

The titration cell consisted of a small beaker similarly equipped 
with an electrode, thermometer, and stirring rod. An agar-KCl 
salt bridge completed the circuit. Both cells were immersed in 
a water bath. Bilmann and Krarup (13) have shown that the 
temperature coefficient for the quinhydrone electrode is — 0.00074 
volt per degree. Since this is equivalent to about 0.015 pH, care 
was taken to keep both cells at the temperature required for the 
determination. Hither gold or platinum electrodes could be used 
in any of the fluids examined provided the electrodes were tested 
for equivalence before each determination. The quinhydrone 
was prepared by the oxidation of hydroquinone by FeCl; accord- 
ing to the method of Biilmann and Lund (14). Four different 
preparations gave uniformly good results. 

The following buffer systems were used: borate-boric acid, 
primary-secondary phosphates, and citric acid-sodium phosphate. 
The selection of the proper buffer system when the reaction of 
the material was not approximately known was made by pre- 
liminary tests with indicators. From the data given by Clark 
(15) large seale curves were constructed for each buffer pair in 
which percentage composition was plotted against pH. It was 
observed that at a given pH and temperature the red color char- 
acterizing the autooxidation of quinhydrone or its dissociation 
products seemed to appear more rapidly in the phosphate than 
in the borate mixtures. A more thorough study of this point is 
contemplated. 


Procedure. 


A measured volume (usually 10 ec.) of one of the buffer solutions 
of the pair selected was placed in the titration cell. The solution 
of unknown pH was run into the test cell, precautions being taken 
to reduce mixing and to fill the cell completely. The stopper 
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with the thermometer was then inserted without leaving any air 
space. Most of the required buffer was then added from the 
burette to the titration cell and was followed by the necessary 
excess of quinhydrone. When the desired temperature had been 
reached, the test cell electrode was moistened with distilled water, 
dipped into quinhydrone, and the stopper carrying it quickly 
substituted for the original stopper. The exchange required 
only afew seconds. Since the displacement of the second stopper 
was greater than the first, the greater part of that portion of the 
contents which had been exposed to air was foreed out of the cell 
when the second stopper was inserted. 

Immediately after the addition of the quinhydrone to the test 
cell the contents of both cells were stirred not longer than 2 or 
3 seconds. Guided by the deflections of the galvanometer pro- 
duced by closing the circuit with the tapping key, the neces- 
sary additions of buffer solution were made from the burette until 
zero deflection was reached. Following this the temperatures were 
taken again. From the burette reading the composition of the 
buffer mixture in the titration cell was calculated and expressed 
as volumes per cent of one of the buffer components. This value 
being used, the pH was read from the buffer curves. 

After equilibrium was reached, which in all cases required less 
than 15 seconds, the drift in human serum or plasma for approxi- 
mately | minute was less than 0.01 pH. The data obtained within 
this time agreed well with the hydrogen electrode. Readings 
made after this interval became progressively more acid. With 
the procedure described the determinations may be completed 
easily within 1 minute. 

The loss of COz was minimized by keeping the material tightly 
stoppered and without air space in the cell. Only a small surface 
was exposed for a brief interval during the change of stoppers 
necessitated by the addition of quinhydrone, and most of that 
portion of the contents so exposed was forced from the cell when 
the stopper carrying the electrode was inserted in the cell. While 
this procedure was objectionable because of the possibilities for 
gas exchange, the design of the cell to a large extent prevented the 
mixing of that portion of the fluid below the baffle with that above 
so that the short exposure of the surface probably did not affect 
the determination. The excellent agreement between the hydrogen 
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Comparative Results for pH of Human Plasma at 20°. 
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Hydrogen Quinhydrone 
electrode. electrode. 

Date. Patient. g 
ig 

Sec, 
Mar. 21 | Mo. (diabetes). 7.57) 7.52 —0.04 
7.54 
7.54 
Apr. 1 | De., serum (alcoholism). 7.63) 7.60 0.00 40 
7.64 300 
7.64 10 
7.65 
6 Jo. (alcoholism). 7.59| 7.58 0.00 20 
7.59 60 
7.59 80 
| Mixed plasma, two patients. 7.55) 7.53 —0.01, 40 
7.54 55 
7.56 21 
. 8 Mixed plasma, equilibrated 7.33) 7.32 0.00 
(normal). 7.33 
7.58! 7.57 0.00 45 
7.59 33 
| Re. (normal). 7.59) 7.57 —0.01; 48 
7.58 40 
7.58 50 
May 2 Mixed plasma,* several days 6.16 6.15 +0.01 
old. 6.19 
” 4 Al. (acute alcoholism). 7.61 7.60 +0.01) 30 
7.62 25 
7.63 35 
7.63 23 
16 | Dt. (delerium tremens). 7.69! 7.69 +0.02) 27 
7.70 28 
7.71 60 
7.73 40 
June 16 Ja. (nephritis). 7.57 7.61 +0.04) 25 
7.61 95 
Average difference, signs considered....................... +0.001 
- deviation (single quinhydrone electrode determi- 
nations from H electrode average).................... . 0.017 
+0.050 


Largest single deviations 


* Omitted from calculation of averages and deviations. 
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and quinhydrone electrodes confirmed this conclusion. Mineral. 
oil cannot be used because of the difficulty of adding the quin- 
hydrone through an oily layer. 

Hydrogen electrode determinations were made with the 
apparatus and technique described by Cullen (16). The appara- 
tus was periodically standardized against 0.1 N HCl, and before 
each determination against a phosphate buffer solution having a 
pH near that of the unknown fluid. |The quinhydrone electrode 
was similarly controlled by determinations made with buffer 
solutions of known pH. 

The study of dog serum was made with the material at 38°. 
For the other fluids, the two methods were compared at room 
temperature. The results should not lose their significance 
because of this fact since it is the comparison of the two methods 
under similar conditions with which this paper is concerned. 
Obviously, the data are not to be taken as an expression of the 
pH of the material at body temperature. The effects of increasing 
the temperature on the determination will be discussed under 
the experimental part. 

With the exception of Sample Re. (Table I), the human blood 
was Obtained from patients in the alcoholic wards of the Philadel- 
phia General Hospital in connection with studies of the acid-base 
equilibrium of these patients. 


EXPERIMENTAL. 


Serum and Plasma.—When the quinhydrone electrode was used 
for pH determinations in human serum and plasma at 20°, the 
results were identical with those given by the hydrogen electrode 
within the limit of error of the two methods. No systematic 
difference was observed between normal and pathological samples 
which was in any way comparable to that reported by Cullen and 
Earle. Furthermore, the reproducibility of the quinhydrone 
electrode was practically as good as that of the hydrogen electrode. 

Autooxidative changes in the serum became evident 15 to 30 
seconds after mixing the quinhydrone with the solution, when the 
contents of the cell began to assume a pink tint. The time of 
appearance and the rate of increase of the red color seemed to be 
determined chiefly by the degree of alkalinity. However, other 
factors not related to the reaction complicated the secondary 
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decompositions so that the magnitude of the drifts caused by 
these changes could not be predicted. After the drifting had 
proceeded for some time and the solution had become dark red or 
brown the results were considerably more acid than the original 
values. 

Fortunately the autooxidation proceeded slowly enough to 
enable the initial potential of the hydroquinone-quinone system 
governed by the pH to be estimated. Furthermore, the changes 
in potential which followed were roughly paralleled by the in- 
creased redness of the solution so that it was possible to judge 
approximately the validity of any determination from the color 
of the solution at the time the reading was made. Cullen and 
Bilmann (8) have pointed out that the readings must be made 
before a decidedly red coloration appears. The drifts encountered 
were not sufficiently constant fo permit an accurate extrapolation 
to zero time. A series of determinations at 38° did not show any 
markedly accelerated drift. While the rate of change was per- 
ceptibly increased, the acceleration was not of sufficient magnitude 
to cause difficulty. 

A number of comparisons with the Cullen colorimetric method 
with human plasma at 20°, corrected to 38° by subtracting 0.23, 
showed that values given by the quinhydrone electrode at 38° 
were consistently 0.01 to 0.08 pH lower than those obtained 
colorimetrically. Such a difference is to be expected since the 
tendency of the colorimetric method is to err in the direction of 
values more alkaline than those given by the hydrogen electrode. 
When compared with the colorimetric method and the hydrogen 
electrode at 20°, the quinhydrone electrode likewise gave results 
closer to those obtained by the hydrogen electrode than did the 
colorimetric method. In eight specimens of pathological human 
plasma the quinhydrone electrode deviations from the hydrogen 
electrode values varied from zero to 0.05 pH, averaging 0.016 pH. 
On the same specimens the colorimetric method corrected for 
temperature but not for dilution, varied between 0.03 and 0.14 
pH with an average deviation of 0.075 pH. 

Through the cooperation of Dr. D. Wright Wilson and 
Dr. C. G. Johnston of the Department of Physiological Chemis- 
try of the University of Pennsylvania it was possible to obtain 
sera from dogs being used in the study of severe hemorrhage and 
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also to use the results of their determinations by the hydrogen 


electrode. 
When used in dog serum, the quinhydrone electrode gave 
TABLE II, 
Comparative Results for pH of Dog Serum at 38°.* 
Hydrogen Quinhydrone 
electrode. electrode. Differ-| 
Date. ence, | _ime. 
pH Aver- | pH Aver- 
read. age. read. age. 
sec, 
May 5 | Normal. 7.30 | 7.31 | 7.32 | 7.32 |+0.01 
7.31 7.32 70 
ate " 7.37 | 7.37 | 7.27 | 7.28 |—0.09| 65 
7.37 7.29 40 
ae ws 7.39 | 7.39 | 7.41 | 7.42 |+0.03 
7.39 7.42 45 
June 22 ws 7.35 | 7.36 | 7.33 | 7.33 |—0.03 
7.37 
< 2 2 7.32 | 7.32 | 7.32 | 7.34 |+0.02 
7.32 7.35 
“« 22 | After hemorrhage 7.45 | 7.46 | 7.41 | 7.42 |—0.04 20 
7.46 7.42 10 
7.27 | 7.27 | 7.32 | 7.32 |+0.05) 30 
7.32 35 
7.22 | 7.22 | 7.22 | 7.25 |+0.03) 60 
7.27 
7.43 | 7.43 | 7.48 | 7.51 |+0.08) 32 
7.52 28 
7.53 5 
“30 7.10 | 7.10 | 7.07 | 7.09 |—0.01; 30 
premortal. 7.11 25 
Average difference, signs considered...................... +0.001 
os deviation (single quinhydrone electrode determi- 
nations from H electrode average).................... 0.040 


* Hydrogen electrode determinations were taken from studies on acid- 
base equilibrium in severe hemorrhage by Dr. D. Wright Wilson and Dr. 


C. G. Johnston. 


less satisfactory results than it did in human serum (Table II). 
Although most of the determinations showed fairly close 
agreement with the hydrogen electrode, the use of the 
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quinhydrone electrode in this material is not advisable when 
accurate results are desired, because of the possibility for the 
occurrence of deviations as large as + 0.1 pH. Both normal 
sera and those obtained after severe hemorrhages seemed to be 
subject to such variations. While no marked increase in the 
rate of drift was observed in the samples exhibiting the greatest 
deviations, in general the drifts were more rapid and of greater 
magnitude than in human sera at the same temperature. Un- 
doubtedly the increased deviations encountered in dog sera can 
be ascribed to a considerable extent to this acceleration of the 
change in the potential. It is significant in this connection that 
colorimetric determinations of the pH of dog serum are likewise 
less satisfactory than those of human serum. Cullen and Earle 
(12) state that the drift and reproducibility of the quinhydrone 
electrode in dog serum are apparently the same as in human 
serum, but that the difference between the quinhydrone and 
hydrogen electrodes is 0.09 pH instead of 0.06 pH which was 
found for human serum. Their comparisons were made at 20°. 

The inability of the quinhydrone electrode to measure accu- 
rately the pH of solutions of more than slight alkalinity is perhaps 
its most important limitation. In several experiments the quin- 
hydrone electrode was compared with the hydrogen electrode at 
reactions above those commonly encountered in life. The ma- 
terial used was horse serum equilibrated with known CO, mixtures. 
At pH 7.9 to 8.0 the quinhydrone results were within the limit of 
error of the hydrogen electrode determinations. However at a 
pH of 8.4, the change in potential was sufficiently rapid to make 
the evaluation of a null point practically impossible. 

Whole Blood.—Our experience with whole blood was similar to 
that of Cullen and Biilmann (8). The quinhydrone appeared 
to react with the hemoglobin and as a result the readings were 
too high and the results were not reproducible. Whole blood 
diluted 1:10 and 1:20 with adjusted saline likewise gave incon- 
sistent results, although traces of hemoglobin in serum did not 
interfere noticeably. 

Cerebrospinal and Edema Fluids.—The good agreement observed 
between the two methods confirmed the work of Schaefer and 
Schmidt (17) on spinal fluid and showed that the quinhydrone 
electrode was sufficiently stable in poorly buffered material to 
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TABLE III. 
Comparative Results for Various Biological Fluids. 


pH read. | Average. | pH read. | Average. 

Cerebrospinal fluid. 7.44 7.45 7.44 7.45 0.00 
7.45 7.45 

7.40 7.40 7.40 7.41 | +0.01 
7.40 7.42 

Edema fluid (unprotected | 8.11 8.11 8.08 8.08 | —0.03 
against CQ, loss). 8.08 
8.03 
8.13 

Urine, sp. gr. 1.022. 5.26 5.26 5.25 5.26 0.00 
5.26 5.25 
5.29 

6. 37 6. 37 6.35 6.36 | —0.01 
6.37 

5.28 5.28 5.31 5.32 | +0.04 
5.32 

5.21 5.21 5.27 5.28 | +0.07 
5.28 

‘¢ 2 wks. old. 4.86 4.86 4.88 4.91 | +0.05 
4.86 4.94 

‘* strong NH; odor. 8.89 8.89 8.40 8.41 —0.48 
8.41 
8.43 

‘* —NH,OH added. 6.76 6.76 6.78 6.78 | +0.02 
6.78 

s 6.21 6.21 6.27 6.27 | +0.06 
6.27 

6.74 6.74 6.76 6.77 | +0.08 
6.77 

“J 8.16 8.16 8.17 8.17 | +0.01 
8.17 

Culture medium, adjusted | 7.77 7.77 7.76 7.77 0.00 
broth. 

Sterile broth, plain. 5.91 5.91 5.90 5.90 | —0.01 
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TABLE I1Il—Concluded. 
Hydrogen electrode. |  Quinhydrone Ditter 
pH read. Average. | pH read. | Average. 
Milk, raw, cow’s. 6. 33 6. 33 6.31 6.31 —0.02 
6.33 
pasteurized. 6.68 6.68 6. 64 6.64  —0.04 
6.68 6.64 
6.64 6.65 6.59 6.60 —0.05 
6.65 6. 60 
Cream. 6.72 6.72 6. 69 6.70  —0.02 
6.72 6.71 
Milk, pasteurized, 1 day old. | 6.90 6.91 6.87 6.87 | —0.04 
6.92 6.87 
Milk, pasteurized. 6.63 6. 63 6. 64 6.64 | +0.01 
6. 64 
6.65 
7 ' 6.68 6.68 6. 69 6.69 | +0.01 
6.68 6.69 
6.69 
6.70 
- 6.62 6.63 6.63 6.64 | +0.01 
6.63 6. 64 
6.72 6.72 6.68 6.69 | —0.03 
6.72 6. 69 
6.70 
Same, 4 hrs. later. 6. 64 6. 64 6. 64 6.65 | +0.01 
6.64 6. 65 
Milk, raw. 6. 60 6.61 6.59 6.60 | —0.01 
6.62 6.60 
Gastric contents, infant, 22 | 5.75* | 5.80 5.80 5.81 | +0.01 
hrs. old. 5. 84 5.81 | 
Gastric contents, infant. 4.19 4.19 4.19 4.19 0.00 
4.19 
Same, high mucus content. 5.36 5.36 5.31 5.32 | —0.04 
5.32 
Same, marasmus. 5.21 5.22 5.28 5.29 | +0.07 
5.23 5.30 


* Hydrogen electrode results for the gastric contents of infants were 
taken from unpublished studies on gastric secretion by Dr. Joseph Stokes, 
Jr., and were determined by Miss Julianna Tatum. 
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make possible the use of the method even when the pH was slightly 
above 8.0. Drifts were less pronounced than in plasma and serum. 

Urine.-—The quinhydrone electrode had not previously been 
compared with the hydrogen electrode for the determination of 
the hydrion concentration of urine. Table III shows that the 
two methods agreed well and that the agreement extended for an 
appreciable distance above pH 8.0. The age or concentration 
of the urine apparently did not affect the results. A pH of 8.89 
was definitely outside of the region in which the quinhydrone 
electrode gives significant results. 

Gastric Contents of Infants —Hydrion concentration determina- 
tions on this material were usually complicated by the smallness 
of the samples which in addition were frequently of a semisolid 
nature because of the presence of large amounts of mucus and 
curd. Colorimetric determinations have been found to be subject 
to large errors above pH 3.00. However, the quinhydrone elec- 
trode compared favorably with the hydrogen electrode even when 
the viscosity was sufficient to cause the quinhydrone to remain 
suspended in the material. 

Milk.—This proved to be well adapted to quinhydrone elec- 
trode determinations, drifts being almost absent. Lester (18) 
has reached a similar conclusion. 

Culture Media.—There appears to be no record of the use of 
the quinhydrone electrode for culture media. In this material, 
also, color and turbidity frequently interfere with colorimetric 
determinations. The results for sterile broth show the method 
to be well adapted for use with this type of material. 


DISCUSSION. 


Several differences in regard to material and methods suggest 
explanations for the differences between the results for human 
plasma and serum reported in this paper and those of Cullen and 
Earle. Their results are based chiefly on serum from normal 
ambulatory subjects, while our data, with one exception, are on 
plasma or serum from hospitalized subjects. However, several 
of the latter were completely convalescent and one would think 
normal so far as the acid-base balance is concerned. It also seems 
strange that the widely divergent group of pathological conditions 
represented in these papers should have a common factor which 
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is capable of affecting the quinhydrone electrode. The fact that 
serum was used in one group of experiments and plasma in the 
other is not important since the presence of fibrin has no percepti- 
ble effect on the determination. Neither does the use of extra- 
polation by Cullen and Earle and of direct readings by the writers 
explain the differences observed, since the results of the former 
would have been practically the same if the potentials read at 30 
seconds had been used for the calculation. 

It has been pointed out earlier in this paper that the use of 
balanced quinhydrone electrodes would presumably eliminate 
certain errors to which the quinhydrone electrode is subject and 
reduce others by means of parallel compensating reactions. While 
the importance of these correcting factors has not been determined, 
it is possible that they play an important part in eliminating the 
correction which Cullen and Earle found necessary in order to 
bring the results of their quinhydrone electrode determinations 
into agreement with the hydrogen electrode values. 


SUMMARY. 


It was apparent that the reaction between hemoglobin and 
qunhydrone prevented the application of the quinhydrone elec- 
trode to the determination of the hydrion concentration of whole 
blood. 

For humam serum and plasma the results agreed with those 
given by the hydrogen electrode within the limits of error of the 
two methods. A comparison of the two methods in horse serum 
likewise was satisfactory, but in dog serum deviations from the 
hydrogen electrode values were of sufficient magnitude to make 
inadvisable the use of the quinhydrone electrode for accurate 
results on this material. 

Secondary changes in the quinhydrone or its dissociation prod- 
ucts hampered somewhat the use of the method for serum and 
plasma. However, the error from this source could be eliminated 
by estimating the initial potential which was dependent on the 
pH. With this precaution the quinhydrone electrode approached 
the hydrogen electrode in precision and reproducibility. 

Good agreement existed between the results of the quinhydrone 
and the hydrogen electrodes in cerebrospinal fluid, edema fluid, 
urine, milk, gastric contents of infants, and culture media. The 
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pH range at which agreement existed between the two methods 
extended an appreciable distance above pH 8.0 in all of the ma- 
terials examined. 

The balanced titrimetric quinhydrone electrode provides a 
simple and inexpensive method for hydrion concentration meas- 
urements, requiring much less equipment than other quinhydrone 
methods. It is more accurate than the indicator methods and 
is sufficiently trustworthy to permit its substitution for the hy- 
drogen electrode for many types of biological work. 


The writers wish to express their thanks to Dr. D. Wright Wilson 
for his helpful criticism and to Dr. W. G. Karr for many sug- 
gestions. 

BIBLIOGRAPHY. 


. Corran, J. W., and Lewis, W. C. M., Biochem. J., 1924, xvili, 1358. 

. Gesell, R., and Hertzman, A. B., Am. J. Physiol., 1926, Ixxviii, 206. 

. Grossman, F., Biochem. J., 1927, xxi, 267. 

. Liu, H. K., Biochem. Z., 1927, elxxxv, 242. 

. Meeker, G. H., and Oser, B. L., J. Biol. Chem., 1926, Ixvii, 307. 

Mislowitzer, E., Biochem. Z., 1925, clix, 77; Klin. Woch., 1926, ii, 1863. 

. Schaefer, R., Biochem. Z., 1926, elxvii, 433. 

. Cullen, G. E., and Biilmann, E., J. Biol. Chem., 1925, Ixiv, 727. 

. Greppi, E., and Lucchini, C., Ber. ges. Physiol. u. erp. Pharmakol., 1927, 
XXXix, 7. 

10. Runge, H., and Schmidt, O., Deutsch. med. Woch. 1926, lii, 2077. 

11. Vellinger, E., and Roche, J., Bull. Soc. chim. biol., 1925, vii, 1004. 

12. Cullen, G. E., and Earle, I. P., J. Biol. Chem., 1928, Ixxvi, 565. 

13. Biilmann, E., and Krarup, I., J. Chem. Soc., 1924, exxv, 1954. 

14. Biilmann, E., and Lund, H., Ann. Chem., 1921, xvi, 321. 

15. Clark, W. M., The determination of hydrogen ions, Baltimore, 2nd 

edition, 1923. 

16. Cullen, G. E., J. Biol. Chem., 1922, lii, 501. 

17. Schaefer, R., and Schmidt, F., Biochem. Z., 1925, elvi, 63. 

18. Lester, V., J. Agric. Sc., 1924, xiv, 634. 


i 
» 
i 
é 
» 


STUDIES IN THE METABOLISM OF THE BILE. 


I. A QUANTITATIVE PETTENKOFER TEST APPLICABLE TO THE 
DETERMINATION OF BILE ACIDS IN THE BLOOD.* 


By MARTHA ALDRICH anno MARY SUE BLEDSOE. 


(From the Division of Medicine, The Mayo Foundation and Mayo Clinic, 
Rochester, Minnesota.) 


(Received for publication, February 27, 1928.) 


The striking progress in our,knowledge of the origin and fate of 
the bile pigments in recent years has been due in great part to the 
elaboration of methods for studying changes in the bilirubin con- 
tent of the blood (2, 22, 38,43). The deficiencies in our knowledge 
of the physiology of the bile acids by contrast are even more 
striking. Progress in this field of physiology and medicine may be 
facilitated by a satisfactory method for determining bile acids, 
particularly in small amounts of blood. 


Methods have been devised for determining glycocholic and taurocholic 
acids in the bile or urine, and Foster and Hooper (7), Symth and Whipple 
(39), Brakefield and Schmidt (5), and Rosenthal and his associates (32-36) 
have studied the effect of various physiologic influences and experimental 
conditions on the excretion of these compounds in the bile or urine. Un- 
fortunately, the procedures used by these authors are not sufficiently sen- 
sitive to be readily applicable to blood. 

Kihne (17) and Huppert (15) reported the isolation of bile acids from the 
blood following both biliary obstruction and their intravenous injection. 
Various other experimenters have obtained qualitative color tests for bile 
acids in the blood. Moleschott (26), Lehmann (18), Blankenhorn (4), 
Gilbert, Chabrol, and Bénard (8), and Petrén (30), and others (14, 16) found 


* The data presented in this paper dealing with the development of the 
Pettenkofer reaction are taken from a thesis submitted by Miss Aldrich to 
the faculty of the Graduate School of the University of Minnesota in partial 
fulfilment of the requirements for the degree of Master of Science. Re- 
ported in part before the American Physiological Society, Rochester, 
New York, April, 1927 (9, 10). The comparison with the accepted methods 
for the analysis of bile has been made by Miss Bledsoe. 
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positive Pettenkofer tests under appropriate conditions. Recently Tas- 
hiro (41), and Herzfeld and Haemmerli (12, 13) reported partially successful 
attempts to adapt this test to quantitative determinations. Perlzweig 
and Barron (29) reported a new colorimetric test for bile acids using acetic 
anhydride and sulfuric acid; Szilard (40) precipitates the bile acids with 
ferric chloride and determines the iron colorimetrically; Rosenthal and Wis- 
licki (36) use a modification of the gasometric method for the determination 
of amino acids in the bile; McNee (25) has suggested a similar method. 

Because of the difficulties in the application of chemical tests, Adler (1) 
and others turned to physical methods and have reported extensive studies 
on the surface tension of serum. A review of these methods, however, 
showed that they were unsuitable for our proposed study because they 
either were not sensitive or specific enough or were not applicable clinically. 


The Pettenkofer (31) test is probably the most sensitive reaction 
known at present for the bile acids. As such it offers the best 
basis for a method which can be readily adapted for use with small 
amounts of blood. One of us (Aldrich) has been able to develop 
a quantitative modification of the Pettenkofer test suitable for 
such use.1 The quantities of bile acids found in the blood even 
under experimental conditions are too small to permit a satisfac- 
tory comparison of this method with those previously used for the 
analysis of bile. The modified Pettenkofer reaction is equally 
applicable to bile and a comparison with these methods is reported 
later. 


Quantitative Adaptation of the Pettenkofer Test. 


The method here described is a quantitative adaptation by 
which the maximal Pettenkofer value obtainable from the blood 
is determined. Since the technique is comparatively simple and 
only 5 cc. of blood are used, it is capable of direct clinical applica- 
tion. We have carried out more than 2000 determinations on 
the blood in various clinical and experimental conditions during 
the last 2 years. 

5 ec. of oxalated whole blood are added with shaking to 35 cc. of 
redistilled 95 per cent alcohol in a 50 cc. volumetric flask. The 
contents are made to volume with alcohol and filtered. From 40 
to 50 mg. of norit are added to 35 cc. of the slightly colored filtrate, 


1 This standardization of the Pettenkofer reaction was undertaken at 
the suggestion of Dr. L. G. Rowntree and carried out under the supervision 
of Dr. C. H. Greene. 
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shaken well, and filtered at once. The resulting solution should 
be clear and colorless. 

30 cc. of this filtrate are transferred to a 100 cc. beaker, 1 cc. of 
a saturated solution of barium hydroxide is added, and the mixture 
evaporated rapidly to a volume of 3 or 4 cc. on a hot electric plate. 
Overheating must be avoided and the final drying is best accom- 
plished with an electric fan. To remove cholesterol and fat, the 
thoroughly dried residue of barium salts is then extracted three 
times with 5 cc. portions of redistilled anhydrous ether brought 
to the boiling point on the hot plate each time. Fragments of 
the residue loosened during this extraction are recovered by 
centrifuging the ether washings. Recrystallized glycocholic acid 
isused asa standard. <A 0.1 per cent alcoholic stock solution is 
diluted 10 times with alcohol, so that the resulting standard 
solution contains 0.1 mg. of glycocholie acid for each ce. Five 
standards containing 0.1, 0.15, 0.2, 0.3, and 0.4 mg., respectively, 
are prepared, and the solutions evaporated to dryness by placing 
the beakers before an electric fan. 

To the dried unknown and to each standard is added 0.4 ec. of a 
1 per cent solution of cane sugar which, in the unknown, should be 
rubbed up with the barium precipitate. 8 cc. of 60 per cent (by 
volume) sulfuric acid are added to each beaker and the contents 
mixed. The loosened precipitate recovered from the ether wash- 
ings is washed from the centrifuge tube to the respective beaker at 
this time. The beakers are then placed in an oven or water bath 
at approximately 37° for 1 hour. It is during this period that the 
solution becomes pink. ‘The solutions are then cooled in the ice 
box for a few minutes to retard further development of color. 
During the development of the Pettenkofer color, and thereafter, 
the unknown and standard solutions must be treated alike with 
respect to light and heat. The barium sulfate precipitate in the 
unknown is removed by centrifuging at high speed for 15 minutes. 
The supernatant solution is then read in a colorimeter against the 
standard most nearly corresponding in intensity. 

The color developed in the Pettenkofer reaction varies from a 
faint pinkish yellow to a deep purplish pink as the amount of bile 
acids in the solution increases. Because of this change in hue, 
direct colorimetric comparison is difficult. Satisfactory results 
have been obtained with a Duboscq colorimeter, fused glass cups 
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and a compensating wedge being used. ‘The standard which 
most nearly corresponds in intensity to the unknown is set at 15 
mm. in the left hand cup, and the unknown matched with it. The 
compensating wedge is used to secure an exact correspondence in 
hue of the two solutions. 

The strength of the Pettenkofer reaction is reported in terms of 
mg. of glycocholic acid for each 100 cc. of blood calculated by the 
Reading of standard 


xX strength of standard in mg. 
Reading of unknown 


formula: 


~ = mg. of glycocholic acid for each 100 cc. of blood. 


Preparation of Crystalline Glycocholic Acid.? 


Commercial preparations of glycocholic acid sufficiently pure for 
use as a Standard have been difficult to obtain and we have found it 
necessary to make our own preparations. For this purpose, a 
5 per cent solution of a commercial preparation of the bile salts 
obtained from Armour and Company was used. ‘The glycocholic 
acid in this solution was then precipitated by the addition of an 
excess of a 10 per cent ferric chloride solution according to the 
directions of Hammarsten (11). The curdy precipitate was 
filtered off in a Buchner funnel and washed once with water. 
The iron salt was then decomposed with 5 per cent sodium carbo- 
nate solution. Care must be taken to rub up the precipitate 
thoroughly with several changes of the carbonate solution; other- 
wise there will be considerable loss at this stage. The solution 
containing the sodium glycocholate was then neutralized to litmus 
with hydrochloric acid and evaporated on a steam bath to a small 
volume. Ether was poured on the solution to a depth of 1 to 2cm., 
and dilute hydrochloric acid added slowly, with vigorous shaking, 
until permanent opalescence was produced. It was then placed 
on ice until crystallization started. Once this was started more 
acid was added and the solution almost immediately became trans- 
formed into a firm mass of fine needle-like crystals. The mother 
liquor was removed by a suction filter. The crystals were re- 
dissolved with the aid of sodium carbonate to form approximately 
a 10 per cent solution and recrystallized by the addition of ether 


? This has been prepared by Dr. C. H. Greene. 
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andacid. In crystallization an excess of acid is to be avoided, and 
the process is greatly facilitated by ‘‘seeding”’ with crystals of 
glycocholic acid. The first crop of crystals was usually white; 
if not, the crystals were dissolved in alcohol and decolorized by 
charcoal. The material was recrystallized three times as outlined. 
It was then recrystallized twice from absolute alcohol by the 
addition of distilled water. The final product was of acceptable 
purity as judged by the analytic figures givenin Table I. Letsche 
(19) found that the melting point is not sharp and depends on the 
rate of heating. ‘The values reported are for the temperature at 
which the material sinters. He has pointed out that care must be 
used in the final drying of the crystals to avoid the formation of 
paraglycocholic acid, which is present in all specimens which have 


TABLE I. 
Analysis of Preparations of Crystalline Glycocholic Acid. 
5, 

per cent\per cent degrees |per cent 
Theory for CogH4;06N........ 3.01 | 3.01 | 125-127 | +32.3 | 0.00 | 0.00 
Preparation 1 (used as 
2.96 | 2.97 | 125-128 | +32.3 | 0.00 | 0.027 
Peoparation 2................ 3.14 | 2.68 | 126-150 | +31.7 | 1.10 | 0.032 
*Uncorrected. 


stood for some time. The formation of the latter markedly ele- 
vates the melting point but it gives the same reaction with the 
Pettenkofer test as glycocholic acid and its presence in a sample of 
glycocholic acid does not interfere with the use of the latter as a 
standard. 

Phosphatides are reported to give a positive Pettenkofer reac- 
tion, and Long and Gephart (21) have pointed out the difficulty in 
eliminating all traces of them from preparations of the bile acids. 
The recrystallized glycocholic acid used by us as a standard con- 
tained only 0.027 per cent of total phosphorus. This is equivalent 
to less than 1 per cent of lecithin, a negligible amount so far as this 
method is concerned. 


’ 

5, 

4 


524 Metabolism of Bile. I 


Control Experiments on Method. 


Development of Color.—The accuracy of any colorimetric method 
depends on the uniformity of the color and on the correctness of 
the proportionality between the color and the amount of material 
to be determined. In the Pettenkofer test the sulfuric acid and 
sugar form a furfural derivative, which, under the influence of the 
sulfuric acid, reacts with cholic acid to produce a purplish pink 
color. The development of the color is a progressive reaction, the 
speed of which can be controlled by temperature. For the quan- 
titative test this is most satisfactorily controlled by first evaporat- 
ing the solution to be tested to dryness; sugar in a small volume of 
solution (4 mg. in 0.4 ec.) and 60 per cent sulfuric acid are then 
added to the residue at room temperature and the temperatures 
of all the unknown and standard solutions are raised simul- 
taneously. 

Different degrees of color are developed by different degrees of 
heat but, whatever the condition of heat, it must be exactly the 
same for all tests, in order to secure proportionality in the in- 
tensity of the color. Variations in the temperature of different 
sections of a drying oven or incubator may lead to considerable 
variation in the color developed. The optimal conditions of 
heating were secured in a water bath of uniform temperature. To 
standardize the heating more accurately the same size and shape 
of receptacle should be used in all tests. 100 ec. beakers are 
convenient for the volumes recommended. 

With the same amount of bile acids the hue and intensity of 
color are dependent not only on the temperature but on the con- 
centration of the reagents. Sugar was found to be a more satis- 
factory reagent than furfural, which has been used by certain 
investigators, since furfural did not increase the sensitivity of the 
test and is more difficult to standardize. 4 mg. of sugar are 
suitable for routine use, since the color is good and the intensity 
adequate for colorimetry. The solution containing 60 per cent 
sulfuric acid was found to be the most satisfactory for colorimetry 
in regard to both the hue and intensity of the color produced. 

The uniformity of the color developed by this technique and the 
proportionality in intensity between the color and the amount of 
bile acids used is shown by the comparison of various standard 
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solutions in Table II. This table, which gives a typical series of 
results, shows variations in most cases not exceeding 3 per cent. 
These are due in part to variations in the colors developed because 
of unequal heating and in a slight degree to the difficulties of the 
colorimetric comparison of solutions of varying hue. Slight 
changes in the concentration of bile acids produce marked changes 
in the hue. It is essential, therefore, that the standard and 
unknown be of approximately the same concentration, but it is 
manifestly impossible to prepare standards which will match all 
concentrations of bile acids. Furthermore, the blood tests are 
slightly yellower than the corresponding standard solutions. 


TABLE II. 


Uniformity and Proportionality of Color Developed by Pettenkofer Reaction 
Under Standardized Conditions. 


Observed Colorimetric Readings of Standard Solutions of Varying 
Concentrations. 


0.1 mg. 0.15 mg. 0.20 mg. 0.25 mg 0.30 mg. 
glycocholic acid. | glycocholic acid. | glycocholic acid. | glycocholic acid. 'glycocholic acid. 


Against | Against | Against | Against | Against | Against | Against | Against! Against} Against 
0.1 mg. | 0.15 mg. | 0.15 mg. | 0.20 mg. | 0.20 mg. | 0.25 mg. | 0.25 mg. |0.30 mg.|0.30 mg. /|0.40 mg. 


15.5 | 23.5 | 15.0 | 20.0 | 15.0 | 18.7 | 15.0 | 17.8; 15.0} 19.8 
15.0 | 23.4 | 15.5 | 20.4 | 15.0 | 18.7 | 15.0 | 17.5} 15.3 | 20.0 
14.8 | 22.2 | 15.0 | 20.0 | 15.0 | 18.3 | 15.0 | 18.0} 14.7 | 20.2 
14.7 | 22.5 | 15.0 | 20.0 | 14.7 | 18.7 | 14.8 | 18.2] 15.3 | 20.5 


Especial attention, therefore, must be given to the colorimetric 
readings, which should be made within an hour after the develop- 
ment of the color. Onstanding at room temperature, the solutions 
slowly become browner, the rapidity of the change depending on 
the temperature. 

Colorimetric Comparison.—For an accurate comparison of 
intensity of colors by colorimetry the hue and transparency of the 
solutions to be compared should correspond exactly. In the case 
of the Pettenkofer reaction it is essential that full compensation 
for the yellow be made if the intensity of the pink is to be deter- 
mined quantitatively. This is especially necessary in blood tests 
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in which unavoidably the tint is yellower than the corresponding 


standards. Satisfactory readings were obtained with a Duboscq 


colorimeter by means of a compensating wedge of the type used in 
the Autenrieth-Hellige colorimeter. The wedge was filled with a 
solution prepared by heating 0.4 ec. of the sugar solution and 8 ce. 
of 60 per cent sulfuric acid for 1 hour at 37°. A second wedge 
was filled with this solution diluted from one-third to one-half with 
water. These colors are quite stable and can be used over a long 
period of time. 

Because of the strong sulfuric acid a colorimeter equipped with 
fused glass cups is essential. The unknown solution is then read 
against the standard which most nearly corresponds incolor. The 
yellow wedge is held beneath the pinker of the two solutions 
(usually the standard) and so regulated as to secure an exact 
equivalence in hue. ‘The colorimetric reading is laborious but 
after some practice a fair degree of speed and accuracy can be 
obtained. Satisfactory readings can also be obtained by the use 
of a bicolorimeter such as that described by Myers (27) or by Wu 
(44). 

Comparison of the Pettenkofer Test with Previously Accepted 
Methods for Determination of Bile Acids in Bile-—The Pettenkofer 
reaction provides a most sensitive test for the bile acids but be- 
cause this reaction is not entirely specific its use for the determina- 
tion of these substances in biologic fluids has been criticized. 
While the method reported here was developed primarily for the 
analysis of blood it is equally applicable to bile (23, 24). As such 
it is possible to control the results obtained by comparison with 
the accepted methods for the determination of the bile acids in 
bile. 

Samples of bile were extracted with boiling alcohol, cooled, and 
made up to a volume corresponding to a 1:200 dilution. The 
filtered solution was then decolorized by adding norit in the pro- 
portion of 50 mg. for each 35 cc. An aliquot supplying 0.2 to 0.4 
mg. of bile acids was then evaporated to dryness and treated with 
acid as were the blood samples. The norit removes nearly all the 
cholesterol from the bile sample and in consequence treatment by 
barium hydroxide and subsequent extraction with ether are 


unnecessary. 
For comparison with the Pettenkofer reaction in the latter case 
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we have used the method of Schmidt and Dart (87), a modification 
of the original method of Foster and Hooper (7), in which the bile 
acids are hydrolyzed by alkali and the liberated taurine and gly- 
cine determined by the gasometric amino acid method of Van 
Slyke. The method of Rosenthal and Lauterbach (35) is similar 
except that the 6-naphthoquinone-sulfonic acid reagent of Folin 
(6) is used for the colorimetric determination of the liberated 
amino acids. In each case we have determined the neutral sulfur 
content of the protein-free bile and calculated the taurocholic acid 
present by the method of von Bergmann (3). By making appro- 
priate corrections in each case, it is then possible to calculate the 
glycocholic acid present. 

The comparison of the three methods as applied to the analysis 
of commercial preparations of bile salts and specimens of bile from 
different sources is shown in Table III. In each group, one set 
of analyses in triplicate is given to show the variations of each 
method. ‘To simplify the presentation of this material only the 
averages of such determinations are given in the remainder of the 
table. The composition of the different specimens of bile agrees 
with the usually accepted values while the extreme variability in 
the composition of commercial preparations of bile salts, a point 
emphasized by Lewis (20), is well illustrated. 

The gasometric method for the determination of amino nitrogen 
can be used on colored solutions such as the alcoholic extract of 
bile, but the pigment must be removed if the amino nitrogen 
liberated by hydrolysis is to be determined colorimetrically or if 
the Pettenkofer test is to be used for analysis. Charcoal has been 
used commonly to decolorize the bile. Table III shows that 
charcoal, when used in excess, may cause a loss of from 2 to 10 
per cent in the amino nitrogen liberated by hydrolysis in bile 
samples. The sulfur content of dog bile can be used as an index 
to the taurocholic acid present, and sulfur determinations show a 
corresponding loss when the bile is treated with charcoal. An 
excess of charcoal, therefore, may be a source of loss, but if minimal 
amounts are used, this does not introduce an error greater than is 
inherent in the method, and the analytic results obtained by the 
use of the modified Pettenkofer test generally agree with those 
obtained by the gasometric method which does not require the use 
of charcoal. 


TABLE III. 


Comparative Analyses of Bile and Preparat 


f Bile Salts. 
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Rosenthal and Lauterbach (35) report that the reaction of 
taurine with the Folin amino acid reagent produces only two- 
thirds of the expected amount of color. We have found this 
reaction to be much more irregular. The color is yellower than 
that obtained from alanine or glycine standards, and the intensity 
also seems to vary with the quantity of taurine present and its 
relationship to the total amino acids. We used the same correc- 
tion factor in calculating the taurine color as did Rosenthal and 
Lauterbach but believe that it is but an approximation at best. 
The analysis of dog bile in particular emphasizes the disparity 
between the taurocholic acid so determined and that calculated 
from the sulfur present. 

In general these three methods give concordant results, es- 
pecially in the analysis of bile obtained from man. The method 
of Rosenthal and Lauterbach is more variable than the other two 
and is not reliable in the analysis of dog bile. The difference be- 
tween the results obtained with the modified Pettenkofer test and 
the Foster and Hooper (7) method as modified by Schmidt and 
Dart (37) are within the limits of error of either. As such they 
would seem to be equally useful for the proximate analysis of bile. 
The assumed lack of specificity of the Pettenkofer test will always 
cause adverse criticism, yet comparison of the results obtained by 
the Pettenkofer method and that of Foster and Hooper indicates 
that, in the alcoholic extract of bile, extraneous substances do not 
interfere to an appreciable extent with the determinations of bile 
acids by this modification of the Pettenkofer test. 


A pplication of Method to Blood. 


Extraction of Bile Acids from Blood.—The bile acids occur in 
the blood as alkaline salts which are readily soluble in water or 
alcohol. Redistilled alcohol was used in the method to precipitate 
the blood proteins and extract the bile salts. Similar values were 
obtained both with hot and cold alcohol extraction; heating is 
therefore unnecessary. 

The Pettenkofer reaction is not a specific test for bile acids. 
Von Udranszky (42), Mylius (28), and others, have pointed out 
numerous other compounds which give a similar color, among 
them lecithin, cholesterol, and oleic acid which may be present 10 
an alcoholic extract of blood. As shown later, the Pettenkofer 
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reaction of these substances under the conditions of our test is 
minimal, but we have not been able to extract bile acids from the 
blood quantitatively without having to include some of these 
substances in the extract. The method, therefore, has been 
developed to give the maximal Pettenkofer test in the protein- 
free blood filtrate. 

The alcoholic filtrate may be colored even when no bile pigment 
is present and this coloring matter interferes with the subsequent 
Pettenkofer test. No solvent was found that would extract bile 
acids without likewise extracting considerable quantities of pig- 
ment. Various methods of decolorizing the alcoholic filtrate were 
tried; the results indicate that the activated carbon, norit, could 
be used more satisfactorily than the others tested. 

The optimal amount of norit seems to be the smallest quantity 
that will free the filtrate of interfering pigment. Norit will re- 
move bile acids from pure solutions and, as we have pointed out, 
its use in excess in decolorizing bile causes a slight loss. How- 
ever, charcoal is less active in removing bile salts from blood 
filtrates containing pigments and other readily adsorbable sub- 
stances. Onan average more than 90 per cent of bile acids added 
to blood filtrates can be recovered after clearing with 50 mg. of 
norit and for routine use this amount of norit added to 35 cc. of 
blood filtrate is optimal. 

The clear alcoholic filtrate, evaporated to dryness, treated with 
sugar and sulfuric acid, and heated, causes the pink color charac- 
teristic of the Pettenkofer reaction. With this technique some 
lecithin, cholesterol, and fat are to be found inthe solution. ‘These 
substances have been reported as giving a positive Pettenkofer 
test ; they were, therefore, studied. 

Fatty acids and cholesterol, in amounts equivalent to those 
present in the extract of a blood sample containing 400 mg. of 
the former and from 200 to 900 mg. of the latter for each 100 cc., 
respectively, when evaporated to dryness and treated with sugar 
and sulfuric acid under the conditions of this test did not give a 
positive test. Samples of commercial lecithin gave a slight color, 
the purest sample producing about one three-hundredths of the 
color which would be developed by the same weight of bile acids. 
The only other substance which gave a positive Pettenkofer test 
was a sample of cholesterol which had been in the laboratory for 
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The introduction of a Pettenkofer color developed 


by such substances apparently is not a serious source of error. 
They do, however, add to the organic substances which, when 
charred by the sulfuric acid, produce an interfering yellow tint in 


TABLE IV. 


Recovery of Bile Acids Added to Whole Blood. 


Glycocholic acid, mg. per cent. 


Initial Total Difference. 
blood Acid added. theoretic 
sample. values. theoretic 
values. 
per cent 
1 4.0 4.0 8.0 7.9 —0.1 —1.2 
7.8 —0.2 —2.5 
2 4.2 — 4.0 8.2 7.7 —0.5 —6.1 
3 4.0 4.0 8.0 7.9 —0.1 —1.2 
8.0 +0.0 +0.0 
4 4.7 4.0 8.7 8.0 —0.7 —8.0 
8.8 +0.1 +1.1 
5 4.7 4.0 8.7 8.6 —0.1 —1.1 
6 4.0 6.0 10.0 8.9 —1.1 —11.0 
| 9.1 —0.9 —9.0 
7 4.2 6. 10.2 9.8 —0.4 —3.9 
8 4.0 6.0 10.0 8.9 —1.1 |; —11.0 
g 4.7 6 10.7 10.0 —0.7 —6.5 
10.7 +0.0 +0.0 
10 4.7 6.0 10.7 9.7 —1.0 —-Y 4 
11 4.0 8.0 12.0 11.1 —0.9 —7.5 
12 4.2 8.0 12.2 12.2 +0.0 +0.0 
13 4.0 8.0 12.0 10.4 —1.6 —13.3 
11.7 —0.3 —2.5 
14 4.7 8.0 12.7 12.1 —0.6 —4.7 
12.6 —0.1 —7.8 
15 5.0 §.0 13.0 12.4 —0.6 —4.6 
12.4 —0.6 —4.6 
16 3.4 8.0 11.4 11.4 +0.0 +0.0 


the test solution. 
particularly in blood giving only a faint Pettenkofer test. 
removal was therefore attempted by ether extraction. 

Although pure bile salts are relatively insoluble in ether, 


This makes the colorimetric reading difficult, 
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amounts equivalent to those studied here are readily soluble in 
ether containing fats or other lipoids. The addition of a small 
amount of barium hydroxide does not prevent this loss. Petrén 
cleared an alcoholic blood filtrate with dry powdered barium 
hydroxide and evaporated it to dryness. After extracting with 
ether to remove the fats he found that the ether extract gave a 
positive Pettenkofer reaction, and so questioned the use of this 
test. These experiments were repeated and confirmed by us. 
Furthermore we found that bile acids added to the alcoholic 
filtrate prepared according to Petrén’s method are largely removed 
when the dried residue is extracted with ether. The addition of 
1 cc. of a saturated solution of barium hydroxide to the blood 
filtrate prevented any such loss of bile acids during the extraction 
with ether. Analysis showed this ether extract to contain cho- 
lesterol and some fats but no lecithin. No further separation of 
the bile acids from the organic substances that escaped ether 
extraction was attempted. Even with this degree of separation 
the color was improved in quality and higher Pettenkofer values 
were Obtained. ‘The addition of baryta and the washing with 
ether had no effect on the Pettenkofer reaction of the standard 
glycocholic acid. 

Recovery of Bile Acids Added to Blood.—The accuracy of the 
method as a whole is shown in Table IV, which gives the results 
obtained in the recovery of known quantities of bile acids added 
to blood. The average loss was about 0.5 mg. for each 100 ce. 


Comment. 


We fully realize the difficulties which arise in interpreting data 
obtained by means of a non-specific color reaction such as the 
Pettenkofer test for bile acids. Although, so far as possible, 
interfering substances have been removed, we cannot attach a 
precise chemical identity to all the material responsible for the 
Pettenkofer reaction, especially in normal blood. Only the 
isolation and chemical identification of pure bile acids from normal 
blood will conclusively prove their presence. By the technique 
described, the maximal reading in the alcoholic extract of the blood 
is obtained. In man the blood normally gives a positive Petten- 
kofer reaction equivalent in intensity to that which would be 
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produced by the presence of from 3 to 6 mg. of glycocholic acid 
for each 100 cc. Increased values have been found in abnormal 
blood. Table V shows the values obtained in a variety of clinical 
and experimental conditions. 

In conditions in which it is definitely accepted that bile acids 
are present in the blood in increased amounts, as following their 
intravenous injection, or in obstructive jaundice, the method is 
of value in the quantitative study of the changes which occur. 
Since bile acids added to the blood may be recovered with an 
accuracy of 90 per cent or more, a normal Pettenkofer value 
assuredly excludes any significant increase in the blood. Jxeeping 


TABLE V. 
Pettenkofer Values of Blood Obtained in a Variety of Conditions. 
Condition. 
mg. per cent 
Experimental obstructive jaundice in dog................... 16.3 
Following intravenous injection of bile acidsin dog........... 75.0 


in mind the limits to the interpretation of the values, one may use 
this modification of the Pettenkofer test to obtain valuable infor- 
mation on the metabolism of the bile acids by the quantitative 
study of the changes in the blood in various experimental and 
clinical conditions. 


SUMMARY. 


The Pettenkofer reaction can be used to determine pure bile 
acids quantitatively in amounts of from 0.10 to 0.50 mg. with an 
accuracy of +5 per cent. 

A series of analyses of commercial preparations of bile salts and 
of bile from different sources, made to compare this method with 
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that of Schmidt and Dart, shows that the results obtained by the 
modified Pettenkofer test agree within the limits of error with those 
obtained by the gasometric determination of the amino nitrogen 
liberated by alkaline hydrolysis. Because of the rapidity and ease 
of the determination by the new colorimetric method and because 
it can be applied in the analysis of small amounts of material, it is 
the method of choice when these factors enter into the selection of 
a method. 

The reaction was applied to an alcoholic extract of 5 cc. of blood 
and a method of extraction which permits the determination of 
maximal amounts of Pettenkofer-reacting material is described. 

Recovery of bile acids added to the blood is made by this method 
with an average loss of about 0.5 mg. for each 100 cc. With few 
exceptions the recovery is greater than 90 per cent. 

When interfering substances are removed as completely as 
possible, normal blood yields a Pettenkofer value equivalent to 
from 3 to 6 mg. of glycocholic acid for each 100 ce. of blood. In- 
creased values have been found under certain clinical and experi- 
mental conditions. 
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THE CHEMISTRY OF JAFFE’S REACTION FOR 
CREATININE. 


IV. A COMPOUND OF CREATININE, PICRIC ACID, AND SODIUM 
HYDROXIDE. 


By ISIDOR GREENWALD. 
(From the Harriman Research Laboratory, The Roosevelt Hospital, New York.) 


(Received for publication, March 8, 1928.) 


In experiments described in a previous publication (1), it was 
found that both the creatinine and the picric acid involved in 
Jaffe’s reaction could, after acidification with acetic acid, be re- 
covered unchanged. It was also found that, when a fairly con- 
centrated solution of creatinine, sodium picrate, and sodium 
hydroxide is acidified with hydrochloric acid, there is precipi- 
tated a red tautomer of creatinine picrate. 

In some recent unpublished experiments, it has been found that 
the red color obtained when a barbituric acid solution is treated 
with sodium picrate and sodium hydroxide is not due to the forma- 
tion of picramic acid, as Dox believed (2) but that, after acidifica- 
tion with acetic acid, the picric acid can be recovered unchanged. 
Addition of hydrochloric acid to the alkaline reaction mixture does 
not yield a red precipitate. However, upon treatment of the red 
alkaline solution with several volumes of alcohol, a red precipitate 
isobtained. This appears to be a compound of 2 molecules of pic- 
ric acid, 3 of barbituric acid, 9 of sodium hydroxide, and 1 or 
2 of water. These experiments will be described in another 
publication. 

It seemed to be of interest to see whether a similar compound 
could be obtained from creatinine. After a preliminary experi- 
ment had shown that the addition of alcohol to the mixture of 
creatinine, sodium picrate, and sodium hydroxide did, indeed, 
yield a red precipitate, a larger quantity was prepared. ‘This 
material, denoted Preparation I in Table I, was dissolved in water 
and reprecipitated with alcohol to yield Preparation II. The 
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composition of these, and subsequent preparations, is shown in 
Table I. It is evident from the data for Preparations I and II, 
and for Preparations IV and VI, that the composition of the pre- 
cipitate is not essentially affected by solution and reprecipitation. 
Absolute constancy of composition in the different preparations 


is not to be expected. The aqueous solution contains a mixture of 


TABLE I. 
Analyses of New Compounds of Creatinine with Sodium (or Lead) Picrate, 


Sodium (or Lead) Hydroxide, and Water. 


Non- 
‘acid’ | ium. | | 
per cent|per cent|per cent|per cent 
Calculated for compound of 2 molecules of creat- 
inine, 1 of picric acid, 3 of sodium hydroxide, 
36.4 | 11.0 | 13.4 | 20.0 
II (Preparation I dissolved and re- 
VI (Preparation IV, redissolved 
and reprecipitated)............. 36.3 | 12.4 | 13.7 
wires 36.3 | 12.0 |13.5 | 19.8 
Lead. 
Calculated for compoundof2 molecules of crea- 
tinine, 1 of picric acid, 3 of lead hydroxide, 3 
16.1 | 56.6 | 5.91 


sodium hydroxide, sodium picrate, creatinine, the new compound, 
and, in all probability, at least one other (see the following para- 


graph). 


The substance is an orange, hygroscopic powder. 
when heated but does not melt, even at 265°. 


It darkens 
When heated at 


100°, or even at 80°, in vacuo, it loses a small quantity of water. 


But decomposition also occurs, as is evidenced by the darkening 
and by the lessened amount of picrie acid to be obtained after 
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solution and acidification. The substance is readily soluble in 
water, giving an orange-red solution. The color is not nearly deep 
enough to account for the red color of Jaffe’s reaction. It is slightly 
intensified by the addition of more sodium picrate and more sodium 
hydroxide but, even then, the color is a pale yellow orange and not the 
deep red-orange obtained with the equivalent amount of creatinine. 
The full color value of the creatinine can be obtained only if the sub- 
stance is first dissolved in dilute acetic acid. Therefore, the com- 
pound described in this paper is not the substance responsible for 
Jaffe’s reaction. That may be a similar compound containing more 
sodium picrate and more sodium hydroxide. 

The results of the analyses correspond quite closely with those 
calculated for a compound consisting of 2 molecules of creatinine, 
1 of picric acid, 3 of sodium hydroxide, and 3 of water. The 
sodium content is, however, always slightly greater than that cal- 
culated. ‘The significance of this is not at all clear. 

When a solution of the new substance is treated with basic lead 
acetate solution, a red precipitate is obtained. When filtered 
out, washed with water, and dried over sulfuric acid, 7n vacuo, 
this forms a red powder. Upon analysis, it appears that it is a 
compound of 2 molecules of creatinine, 1 of picric acid, 3 of lead 
hydroxide, and 3 of water. As in the case of the sodium com- 
pound, the base is present in excess. As might be expected, the 
excess of base is greater in the lead compound than it is in the 
sodium compound. Presumably, because of the great equivalent 
weight of the excess lead, the observed values for the other con- 
stituents are considerably lower than those calculated. 

When this lead compound is treated with a hot mixture of equal 
volumes of concentrated sulfuric acid and water, a distinct effer- 
vescence may be observed. If the supernatant liquid be then 
diluted, neutralized with sodium hydroxide, and treated with 
nitron, only a trace of a precipitate is produced. The picric acid 
has been destroyed. If, instead of neutralizing the liquid, hy- 
drochloric acid and tin are added and the mixture is used for the 
determination of total nitrogen, it is found that not quite one- 
ninth of the total nitrogen has been lost. The same result is ob- 
tained when the lead compound is dissolved in concentrated hy- 
drochloric acid. (See Table II.) 

When the sodium compound is similarly treated with concen- 
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trated hydrochloric acid or with hot 65 per cent sulfuric acid, 
there is the same destruction of the picric acid but there is no effer- 
vescence and there is no loss of nitrogen. In other experiments, 
the sodium compound was dissolved in concentrated sulfuric acid, 
which was then heated just to boiling, was then cooled, diluted, 
and treated with hydrochloric acid and tin in the usual manner. 
Under these conditions, there was a loss of nitrogen amounting to 
not quite two-ninths of the total nitrogen. The lead compound, 
on the other hand, loses only one-seventh of its nitrogen when 
treated in this manner. 

No attempt has been made to formulate the manner in which the 
creatinine, the sodium (or lead) picrate, the sodium (or lead) 


TABLE II, 


Effect of Concentrated Acids upon Apparent Nitrogen Content of the 
New Compounds. 


N found according to: 
N cal- 
culated. | proce- | Proce- | Proce- | Proce- 
dure A. | dure B. ;} dure C. | dure D. 
per cent | per cent | per cent | per cent | per cent 
In sodium compound............... 20.0 {| 19.8 | 19.8 | 19.7 | 16.0 
“ lead 10.2 9.32 | 8.50 8.32 | 7.96 


hydroxide, and the water are combined. That must await the 
attempted preparation of similar, related compounds and the study 
of the decomposition products of the new substances. It is be- 
lieved that the tenacity with which the water is held, the destruc- 
tion of picric acid upon heating, the loss of nitrogen upon treatment 
with concentrated acids, and the excess of base over that calcu- 
lated are all of significance. 


EXPERIMENTAL. 
Preparation. 


Details of Preparation VIJ.—11.0 gm. of creatinine picrate 
were dissolved in 200 cc. of hot water. 3.65 gm. of creatinine 


were added and the mixture was then cooled. When cold, 4 
saturated solution of sodium hydroxide was slowly added. 3 


+ 
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ec. sufficed to bring the picrate into solution but 9 cc. more, or a 
total of 12 cc., were added. After 10 minutes, the mixture was 
slowly run into 1600 cc. of absolute alcohol, with continuous 
stirring. (It is important that the solution be added slowly, with 
continuous stirring. Otherwise, the substance is precipitated as 
agum.) ‘The flocculent precipitate was filtered out, with suction, 
washed with a little alcohol, dissolved in water, and precipitated 
as before. The process of filtration, solution, and reprecipitation 
was again repeated. After filtering off this precipitate, it was 
dried, in vacuo, over sulfuric acid. The yield was 18.6 gm. The 
calculated yield is 20.3 gm. 


Analyses. 


Picric Acid.—The material was dissolved in 150 cc. of 1 per cent 
acetic acid, and the solution was heated to boiling and precipitated 
with nitron (3). The nitron picrate was filtered on a Gooch 
crucible, dried, and weighed. 

Sodium.—The filtrate from the nitron picrate was evaporated to 
about 50 cc. and 1 or 2 ce. of nitric acid were then added. The 
nitron nitrate that crystallized out on cooling was filtered out 
and washed with a little water. The filtrate, after the addition 
of 5 to 10 drops of sulfuric acid was evaporated in a platinum 
crucible, then ignited, and weighed. In many cases, the identity 
of the residue as sodium sulfate was checked by solution, precipi- 
tation with barium chloride, and weighing as barium sulfate. In 
other cases, the original material was weighed into the platinum 
crucible, 1 or 2 cc. of sulfuric acid were added, and the mixture was 
evaporated, ignited, and weighed. 

Lead.—The filtrate from the nitron picrate was treated with 
hydrogen sulfide; the lead sulfide was filtered out, washed, oxi- 
dized with nitric and sulfuric acids, and finally weighed as lead 
sulfate. 

Non-Picric Nitrogen.—The acetic acid solution of the original 
material was treated with the quantity of nitron calculated to be 
just sufficient to combine with the picric acid present, as previously 
determined on another sample. The nitron picrate was filtered 
out and washed and the filtrate was used for the usual nitrogen 
determination. Since the errors involved are cumulative in one 
direction, the values tend to be high. 
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Total Nitrogen.—This was determined by the Kjeldah] method. 
The acid digestions were carried out in several different ways. 
Procedure A. The material was dissolved in dilute acetic acid. 
Hydrochloric acid and tin were then added, the mixture heated 
until colorless, and the digestion then completed with sulfuric 
acid and copper sulfate in the usual manner. Procedure B. 
The material was dissolved in concentrated hydrochloric acid, 
tin was added, and the mixture digested until colorless. After 
the addition of sulfuric acid and copper sulfate, the determina- 
tion was completed in the usual manner. Procedure C. The 
material was dissolved in a boiling mixture of 20 cc. of concen- 
trated sulfuric acid and 20 cc. of water. It was then diluted, 
hydrochloric acid and tin were added, and the determination 
completed as in Procedures A and B. Procedure D. The 
material was dissolved in concentrated sulfuric acid which was 
then heated just to boiling. It was then cooled, water, hydro- 
chloric acid, and tin were added, and the digestion completed. 


Formation of Creatinine Picrate from the New Compound. 


1.60 gm. of Preparation VII were dissolved in 1 per cent acetic 
acid. After the addition of 0.5 gm. of picric acid, the mixture was 
heated to boiling and was then allowed to cool. The crystals that 
separated were filtered out and recrystallized. They then melted 
at 221° and contained 66.1 per cent picric acid. Calculated for 
creatinine picrate, 67 per cent. The yield was 1.50 gm. Allowing 
for the solubility of the creatinine picrate (4), the total yield was 
1.76 gm. The calculated amount is 1.71 gm. 


Effect of Heating on the Picric Acid Content. 


0.4728 gm. of Preparation III was heated in an Abderhalden 
tube at 100° and about 40 mm. for 1.5 hours. The material then 
had adark red color. It had lost 30.9 mg. or 6.54 per cent. This 
corresponded to something more than 2 molecules of water. The 
residue was dissolved in dilute acetic acid and precipitated with 
nitron in the usual manner. 0.3956 gm. of nitron picrate was 
obtained. This was the equivalent of 35.4 per cent of picric acid 
in the original material, instead of the 36.3 per cent found in the 
unheated material. The filtrate, on cooling, deposited a small 
quantity of a brown precipitate, apparently nitron picramate. 


| 
( 
U 


I. Greenwald 545 


Effect of Concentrated Acids. 


6.07 gm. of a mixture of Preparations III and IV were dissolved 
in 200 ce. of water, to which 15 ce. of concentrated hydrochloric 
acid were then added. Upon extraction with benzene in a con- 
tinuous extraction apparatus, only 0.1604 gm. of material soluble 
in benzene was obtained, instead of the 2.23 gm. to be expected. 
Not even all of this small quantity was picric acid for it was not 
all soluble in water. Its nature was not further investigated. 


Color Development from New Substance with Added Sodium Picrate 
and Sodium Hydroxide. 


Portions of 13.8 mg. each, equivalent to 5 mg. of creatinine, of 
Preparation VII were weighed into a series of small beakers. 
These were treated as follows: Sample 1. Dissolved in 10 ce. of 
water, 2 drops of acetic acid, heated to boiling, and allowed to cool. 
Sample 2. Dissolved in 10 cc. of water, 2 drops of acetic acid, and 
allowed to stand. Sample 3. Dissolved in 5cc. of water and 10 
ec. of 1 per cent picric acid. Sample 4. Dissolved in 4.1 ce. of 
water and 0.9 ce. of 0.1075 N H»SO,. (This is about 10 per cent in 
excess of the equivalent of the sodium content of the sample.) 
Sample 5. Remained undissolved. 

Sample 1 became yellow on warming ; Samples 2, 3, and 4 changed 
from orange to yellow within an hour but all the mixtures were 
allowed to stand overnight. 10 cc. of 1 per cent picric acid were 
then added to each, except Sample 3, and they were all diluted to 
2) cc. with water. 5 cc. of 10 per cent NaOH were then added 
and, after standing 10 minutes, the mixtures were diluted to 200 
ec. and the colors were then compared with that of a similar mix- 
ture containing 5 mg. of creatinine. The apparent amounts of 
creatinine found were: 


mg. 


The mixture in which the new substance was treated directly with 
Pieric acid and alkali did not develop a red-orange color and the 
diluted material was yellow and not orange. 
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Test for Alcohol in the Sodium Compound. 


3.09 gm. were dissolved in 200 cc. of water and 1 cc. of H:SQ,. 
The mixture was distilled slowly, about 30 minutes being required 
for 25 cc. Determinations of the specific gravity and the iodo- 
form test indicated the absence of alcohol. 


The creatinine used in these experiments was made from 
creatine generously supplied by the Valentine’s Meat Juice 
Company. 
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ON THE STATE OF PLASMA CALCIUM IN PARATHY- 
ROIDECTOMIZED DOGS.* 


By C. I. REED. 


(From the Department of Physiology, Baylor University Medical School, 
Dallas.) 


(Received for publication, March 14, 1928.) 


In a recent publication (1) it was shown that after parathyroi- 
dectomy dogs experience tetany when the plasma calcium con- 
centration falls and the inorganic phosphorus concentration in- 
creases until the two are approximately equal, or, until the Ca:P 
ratio is 1. Since that paper was prepared it has been found that 
this relationship holds good only for the earlier postoperative 
periods, for, after an animal attains a state of “latency” it may 
escape tetany for as much as 10 days or longer, even though the 
ratio is continuously as low as 0.6. It is apparent, therefore, 
that in latent tetany the animal must undergo some sort of adapta- 
tion that enables it to escape tetany. 

In view of the various conflicting reports as to alterations in 
the state of calcium in the blood, it has seemed advisable to inves- 
tigate the question of possible alterations in diffusibility in latency, 
in the hope of throwing some light on the mechanism of adaptation. 

It has been assumed that animals in latent tetany have under- 
gone a stimulation of remnants of parathyroid tissue to such a 
degree that this residual tissue can function to some extent in 
place of the main bodies. Possibly this explanation will serve in 
those cases in which there is partial or complete restoration of 
the normal proportions and concentrations of calcium and phos- 
phorus. But in this laboratory it has been found that in the 
majority of such cases there is no such restoration. Therefore 
adaptation involves some mechanism not yet determined. 


* A part of the expenses of this investigation was borne by a grant from 
the Research Committee of Phi Rho Sigma Medical Fraternity. 
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Rona and Takahashi (2), by the method of compensation dialysis, de- 
termined that about 75 per cent of serum calcium was in diffusible form, 
Cruikshank 3), by the same method, found 60 to 70 per cent diffusible, and 
after parathyvroidectomy about 94 per cent diffusible; therefore the most 
rapid reduction occurred in the non-diffusible fraction. Von Meysenbug 
(4) and his associates found similar percentages in normal animals but 
concluded that both fractions were equally reduced in tetany. However, 
most of these observations were made within 2 to 4 days after operation. 
In one case, 14 davs after operation, the diffusible percentage appears 
consistently slightly higher than the average over several days at earlier 
stages. Their conclusion is in agreement with that of MacCallum, Lam- 
bert, and Vogel (5). Salvesen and Linder (6) found 55 to 70 per cent of 
ealcium diffusible and believed that the loss in tetany affected this fraction 
primarily, but that, as a result of disturbed equilibrium between the two 
portions, the non-diffusible might be affected in varying degrees, the latter 
acting as a reserve for calcions. They believed the symptoms of para- 
thyroid deficiency to be due to hypocalcionemia. Hence the actual pro- 
portions found at any given time might vary considerably. 

Loeb (7) found 55 to 75 per cent diffusible calcium. Cameron and 
Moorhouse (8), by simultaneous determinations of calcium in plasma and 
cerebrospinal fluid, concluded that from 42 to 73 per cent was diffusible, 
with an average of 53 per cent; while in tetany, from 70 to 100 per cent was 
diffusible. Moritz (9) believed that both fractions were reduced in tetany 
but that the diffusible was most affected. Updegraff, Greenberg, and Clark 
(10) concluded from a study of normal human serum from both sexes and 
that of rabbits, dogs, and calves, that the diffusible calcium varies between 
40 and 60 per cent and that the absolute amount of this fraction is more 
constant. 

Liu (11), in a study of infantile and adult idiopathic tetany, concluded 
that hypocalcemia in this condition affects mainly the diffusible fraction, 
which he found amounted to 40 to 60 per cent in normal subjects. He fur- 
ther found, in agreement with others that parathormone produced rela- 
tively a greater increase in this portion in both normal and tetanic subjects. 


EXPERIMENTAL. 


Eight dogs have been studied in this connection but the history 
is complete in only four so the discussion will be confined mainly 
to the results obtained with these. Observations extended over 
a period of several days before operation. No significant varia- 
tions in the proportions or absolute concentrations of the two frac- 
tions occurred in any normal dog. 

Diffusible calcium was separated by a combination of the 
methods of Moritz (9) and of Updegraff, Greenberg, and Clark (10) 
with only minor modifications. The caleulations introduced by 


ty 
‘ 


(. I. Reed 549 


the latter were employed throughout. Collodion tubes were 
numbered and a careful record kept of the results obtained with 
each one, so that it was possible to discover and eliminate faulty 
tubes. In the earlier experiments, a water suction pump was 
employed for producing negative pressure but later a mercury 
siphon was constructed. The apparatus was so arranged that 
six determinations could be made simultaneously. Enough 
heparinized plasma was usually obtained so that it was possible to 
make one or more duplicate determinations, either with the same 
tube on successive runs or with separate tubes. In this way the 
relative permeability of different tubes was standardized. Each 
run was continued for at least 5 hours, many for a much longer 
period. But in the latter case results checked well with those 
obtained from the minimum period. After some preliminary 
attempts, it was found possible to duplicate results within + 4 per 
cent. 

Both total and diffused calcium concentrations were determined 
by the method of Clark and Collip (12), with the minor modifica- 
tions described elsewhere (1). It was found, however, that if 
precipitation with ammonium oxalate was prolonged for several 
hours instead of 30 minutes, slightly, but consistently higher 
results were obtained. Permanganate solutions were standard- 
ized for each determination. 

For a small number of determinations of diffusible phosphorus, 
the method of Briggs (13) was used; for a similar number, that of 
Fiske and Subbarow (14). In confirmation of the results of others 
(15, 16), it was found that the phosphorus of normal dog plasma 
was completely diffusible and there was no alteration at any time 
after parathyroidectomy. 

Among normal animals, diffusible calcium ranged between 40 
and 70 per cent. The maximum range in any one animal was 
from 39 to 52 per cent on successive days. It is possible that this 
one figure—39 per cent— is an error since all other determinations 
on this dog ranged between 47 and 52 per cent, with practically 
constant total calcemia. In all other animals the range of varia- 
tion during the normal period was within experimental error. 
There was thus a wide range of variation among different animals 
but fairly constant proportions in the same one. 

Table I shows the condensed results. It will be seen that in 
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case of Dogs 51 and 52, there was an appreciable decrease in both 
absolute concentration and percentage of diffusible calcium, 
coinciding with the first attack of tetany, but gradual restora- 
tion of the percentage and even of the absolute amount within 
afew days. In case of Dog 60, the changes were less pronounced. 
It seems probable that not all the parathyroid tissue was removed 
from this dog, since only one attack of tetany has occurred—25 
days after operation—and the dog has shown no further disturb- 
ance in 45 days of postoperative observation. Frequent exami- 
nation of blood shows that calcium and phosphorus concentrations 
have been in normal proportions since 2 days after this attack. 

Also, in case of Dog 56, there was an early decrease in the abso- 
lute concentration of diffusible calcium but never complete restora- 
tion although the percentage increased greatly at times. But 
both amount and percentage showed greater fluctuations than in 
any of the other animals. Thus the first attack of tetany occurred 
in two cases when the percentage and absolute concentration were 
low, while in the others, the first attack occurred at lower amounts 
but high percentages. 

So far as our observations extend, the tendency to instability 
between the two fractions seems to be a characteristic feature of 
prolonged parathyroid deficiency. It is obvious, in spite of 
Liu’s contention, that in these experimental animals no relation- 
ship can be established between the incidence of tetany and either 
the absolute amount or the percentage of diffusible calcium. 
Nor does the ratio between this fraction and inorganic phosphemia 
show any constant relation to tetany. It can only be stated that 
in the early postoperative period there was a tendency to relative 
and absolute diminution in the concentration of diffusible calcium 
and a pronounced degree of instability thereafter, possibly some 
tendency to increase the percentage. 

In regard to the question of adaptation, it may be noted that 
Dog 56, after a severe attack of tetany on the 52nd day, showed 
a ratio much less than unity for nearly 2 weeks without any sign 
of tetany. This animal died in a state of profound depression 
without any further attacks. 

That Dog 52 suffered one attack when the Ca:P ratio was 1.3, 
may have been due to intestinal parasites found at autopsy. The 
behavior of Dog 60 cannot be accounted for entirely satisfactorily 


> 
> 


C. I. Reed 553 


at present. ‘These two instances complete a total of six out of 
143 observations of tetany with a ratio definitely above 1. 

In case of two other animals not included in Table I, the above 
mentioned adaptation was quite pronounced. Dog 36 survived 
97 days after operation. During the last 4 weeks there were 
several attacks but there were also periods of as much as 10 days 
during which the Ca:P ratio ranged between 0.7 and 0.9 when 
no attacks occurred. During the first 5 weeks a ratio of 1 invari- 
ably presaged a severe attack. In case of Dog 43, which survived 
214 days, there was likewise a period of more than 4 months during 
which low ratios persisted for 5 to 10 days without tetany. On the 
198th day this dog gave birth to three puppies but for 12 days 
thereafter was free from all signs of tetany, with a calcemia of 
6 to 7 mg. and inorganic phosphemia of 8 to9 mg. Tetany did 
occur on the 13th day, when the dog received 40 units of parathor- 
mone. 3 days later the animal died in a period of depression with 
no evidence of any further attacks. 

It has been suggested that parathyroid deficiency results first 
in a decrease in the diffusible fraction of calcium, with a loss of 
equilibrium that eventually leads to transfer from the non-diffusi- 
ble fraction and consequent reduction in that also. If this should 
be true, it would explain the instability apparent here, since the 
determined percentage would depend on the particular stage in 
the process of transfer at which the observation was made. 

It has been questioned whether determinations of diffusibility 
of calcium by means of collodion membranes are of any signifi- 
cance in connection with the physiological processes involved in 
calcium metabolism. It must be acknowledged that this in- 
vestigation has yielded no evidence that would help to decide this 
point. The facts can only be stated as they occur. However, 
the relative stability always found in the normal animal is strongly 
suggestive of an analogy between the collodion membrane and the 
animal membrane in this connection. At least, parathyroidec- 
tomy leads to changes in the blood that are detectable by this 
means. 


SUMMARY. 


1. Determination of diffusible plasma calcium in parathy- 
roidectomized dogs shows that certain individuals undergo a 
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pronounced diminution of one fraction or the other, but there is 
no constancy of response among different animals, tetany occurring 
both at high and low concentrations and proportions. There is 
less stability between the two fractions than in the normal animal. 

2. The incidence of tetany in the early postoperative period 
is associated with a change in the proportions of calcium and in- 
organic phosphorus sufficient to lower the Ca:P ratio to 1 or less. 
But in latent tetany there is an adaptation that enables the animal 
to survive a low ratio without tetany, for long periods. 
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CONFIGURATIONAL RELATIONSHIPS OF 2-HYDROXY- 
VALERIC AND LACTIC ACIDS. 


By P. A. LEVENE anno H. L. HALLER. 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York.) 


(Received for publication, March 10, 1928.) 


Until recently the configuration of 2-hydroxypropionice (lactic) 
acid only had been established by direct chemical methods. ‘The 
conclusions regarding the configurations of the higher monohy- 
droxy acids were based on indirect methods and such conclusions 
are never as convincing as those arrived at by direct methods. 
Our first efforts in this direction resulted in correlating the con- 
figurations of 3-hydroxybutyric! and 4-hydroxyvaleric acids? with 
that of lactic acid. 


‘COOH COOH COOH 
| | | 
HCOH CH: CH, 
| | | 
CH; HCOH CH, 
| i 
CH; HCOH 
| 
CH; 
Levo-lactic Levo-3-hydroxy- Levo-4-hydroxy- 
acid. butyric acid. valerie acid. 
I. II. III. 


This beginning proved very fortunate, for it permitted us to 
establish the configurations of methylethyl and methylpropyl 
carbinols.* The knowledge of the configurations of these two car- 


1 Levene, P. A., and Haller, H. L., J. Biol. Chem., 1925, Ixv, 49; 1926, 
Ixvii, 329. Levene, P. A., and Walti, A., J. Biol. Chem., 1926, xviii, 415. 
? Levene, P. A., and Haller, H. L., J. Biol. Chem., 1926, lxix, 165, 569. 
> Levene, P. A., Haller, H. L., and Walti, A., J. Biol. Chem., 1927, Ixxii, 
591. Levene, P. A., Walti, A., and Haller, H. L., J. Biol. Chem., 1926-27, 
Ixxi, 465. 
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binols made it possible to establish the configurations of 2-hydroxy- 
butyrie and 2-hydroxyvaleric acids. The work on the configura- 
tion of 2-hydroxybutyric acid has been made the topic of a previous 
communication‘ and the work on the configuration of 2-hydroxy- 
valeric acid is presented here. 

The reasoning which led to the conclusion regarding the con- 
figuration of 2-hydroxyvaleric acid is analogous to that which 
served to elucidate the configuration of 2-hydroxybutyric acid. 

Taking two hydroxy acids with the hydroxyls on the same side 
of the earbon chain, but allocated at different distances from 


the carboxyl, such as 


COOH COOH 
CH: HOCH 
CH, CH, 

| and | 

HOCH CH; 

| | 
CH; CH; 
IV. We 


and in each case reducing the carboxyl group to a methyl group, 
two carbinols which are enantiomorphous to each other will be 


obtained. 
CH; CH, 
| | 
CH; HOCH 
| | 
CH, and CH; 
| | 
HOCH CH: 
| | 
CH; CH; 
Dextro-carbinol Levo-carbinol 
from (IV). from (V). 
VI. VII. 


Hence if a given optically active 2-hydroxyvaleric acid is con- 
verted into levo-methylpropyl carbinol, this acid has the hydroxyl 


‘ Levene, P. A., and Haller, H. L., J. Biol. Chem., 1927, Ixxiv, 343. 
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on the same side of the carbon chain as that of the 4-hydroxy- 
valeric acid which leads to a dextro-methylpropy] carbinol, namely 
the dextrorotatory form. 

In our case, dextro-2-hydroxyvaleric acid on reduction yielded 
levo-methylpropyl carbinol; hence in this acid the hydroxyl 7s allo- 
cated on the same side of the chain as in that 4-hydroxyvaleric acid 
which on reduction gives dextro-methylpropyl carbinol. That acid 
is dextro-4-hydroxyvaleric acid. IHence in dextro-2-hydroxyvaleric 
acid the hydroxyl is on the same side of the chain as in dextro-4-hy- 
droxyvaleric acid. 

The set of reactions which led to the correlation of dextro-2- 
hydroxyvaleric acid with levo-methylpropyl carbinol is the fol- 
lowing: 


COOH COOC,H; 'CH.OH CH,Br CH; 
| | | | | 
HOCH — HOCH — HOCH — HOCH — HOCH 
| | | | | 

C3H7 C;3H; C;3H; C;H;7 C;3;H;7 
Dextro. Levo. Levo. Levo. Levo. 
VIII. IX. XI. XII. 


For comparison we give the set of reactions leading from dextro- 
4-hydroxyvaleric acid to dextro-methylpropy] carbinol. 


COOH —CO CH:0OH CH,I CH; 
| | | | | 
O | | 
omy CH; — CH, CH, CH, 
| | | | 
HOCH —CH HOCH HOCH HOCH 
| | | | | 
CH; CH; CH; CH; CH; 
Dextro. Levo. Dextro. Dextro. 
XIII. XIV. XV. XVI. XVII. 


An important practical significance of this conclusion lies in the 
fact that it furnishes additional evidence in support of the validity of 
the indirect method for correlating the configurations of substituted 
aliphatic acids. The dextro-2-hydroxyvaleric acid on passing to its 


anion changed its rotation to the left, and, according to the rule 


q 
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developed in this laboratory, the acid should belong to the l series, 
and now it has been shown by the direct method that it does belong to 
the | series. 


EXPERIMENTAL. 
Relationship of 2-Hydroxy-n-Valeric Acid to 1,2-Dihydrorypentane. 


Dextro-2-Hydroxry-n-Valeric Acid.—The inactive acid was ob- 
tained from 2-bromo-n-valeric acid. 181 gm. of 2-bromo-n-valeric 
acid were added to 800 cc. of water containing 138 gm. of po- 
tassium carbonate. The solution was heated under a reflux con- 
denser on a boiling water bath for 8 hours. It was then cooled, 
a solution of 50 gm. of concentrated sulfuric acid in 100 ce. of 
water was added carefully, and the solution was extracted with 
ether in a continuous ether extractor. The ether extract was 
dried over sodium sulfate and the ether removed under reduced 
pressure. The acid was dissolved in warm acetone and neutral- 
ized with 1 equivalent of brucine. ‘The brucine salt, which crys- 
tallized readily, was recrystallized repeatedly from acetone. It 
was then decomposed with ammonia in the usual way and the 
ammonium salt was converted into the barium salt. In water the 
barium salt had the following rotation. 

»  —0.31° X 100 _ 


= 
2X 3.16 


The rotation of the free acid was obtained by dissolving 1.000 
gm. of the barium salt in slightly more than 1 equivalent of con- 
centrated hydrochloric acid and diluting to 5 ec. with water. 


2 + 0.38° * 100 


lp 


Levo-Ethyl-2-H ydroxy-n-V alerate.—To 40 gm. of thoroughly dried 
barium-2-hydroxy-n-valerate ({c], = —4.9°) suspendedin 100 ce. of 
absolute alcohol a solution of 12 gm. of concentrated sulfuric acid 
in 50 cc. of absolute alcohol was added slowly. The mixture was 
vigorously agitated during the addition of the acid solution. It 
was then refluxed for 5 hours and allowed to stand overnight. 
The excess acid was neutralized with solid potassium carbonate, 
dry ether was added, and the solution filtered from salts. After 


= 
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drying over anhydrous sodium sulfate the ether was removed and 
the ester was distilled under reduced pressure. It distilled at 
81°,p = 20mm. The yield was 18 gm. It analyzed as follows: 


7.080 mg. substance: 14.840 mg. CO, and 6.165 mg. HO. 
C;H4O3. Caleulated. C 57.49, H 9.65. 
Found. ** 57.15, 9.74. 


In a 1 dm. tube the optical rotation without solvent was oc, = 
—5.05°. 

Levo-1,2-Dihydroxypentane.—This_ glycol was obtained on 
reduction of levo-ethyl-2-hydroxy-n-valerate (a }= —4.80° in a 
1 dm. tube) with sodium and glacial acetic acid in the apparatus 
described by Levene and Allen.> ‘The procedure for the reduction 
was the same as that described previously for the reduction of 
other hydroxy acids. The glycol distilled at 78-81°, p = 1mm. 
It analyzed as follows: 


3.742 mg. substance: 8.045 mg. CO: and 3.660 mg. H.20. 
C5H 1202. Calculated. C 57.69, H 11.53. 
Found. ** 58.62, “* 10.94. 


In absolute alcohol it rotated the plane of polarized light as follows: 


_ X 100 


[a] = — 9.8°, 


Di-(Phenylurethane) of Levo-1,2-Dihydrorypentane.—1 part of 
levo-1,2-dihydroxypentane ({a];, = —9.8°) and 2.33 parts of 
phenylisocyanate were heated on the steam bath for 15 minutes. 
When the reaction product was allowed to stand overnight, it 
crystallized. It was recrystallized several times from dilute 
alcohol. It melted at 110—113° and analyzed as follows: 


0.0500 gm. substance: (Kjeldahl) 2.95 ec. 0.1 N acid. 
C1 9H204No. Calculated. N 8.18. 
Found. 8.26. 


In absolute alcohol it rotated the plane of polarized light as 


follows: 
— 1.33° 1 
2 544 


’ Levene, P. A., and Allen, C.H., J. Biol. Chem., 1916, xxvii, 433. 
‘Levene, P. A., and Haller, H. L., J. Biol. Chem., 1926, Ixix, 165. Le- 
vene, P. A., Haller, H. L., and Walti, A., J. Biol. Chem., 1927, Ixxii, 593. 
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Preparation of Dextro-1,2-Dihydroxypentane from d,l-1-Chloro- 
2-Hydroxypentane. 


d, l-1-Chloro-2-I ydrorypentane.—This substance was obtained 
on condensation of chloroacetaldehyde with propyl magnesium 
bromide. 

A mixture of 150 gm. of chloroacetal and 90 gm. of anhydrous 
oxalic acid was slowly distilled. The fraction which distilled at 
88-110° was collected and diluted with an equal volume of dry 
ether. ‘The solution was shaken with 80 gm. of powdered calcium 
chloride for 4 hours. It was then filtered and the filtrate dropped 
into a well cooled Grignard reagent prepared from 25 gm. of 
magnesium, 125 gm. of propyl bromide, and 400 ee. of dry ether. 
The reaction product was allowed to stand overnight and then 
decomposed with ice and 1:1 hydrochloric acid in the usual man- 
ner. ‘The acid solution was extracted with ether several times. 
The combined ether extracts were washed successively with dilute 
hydrochloric acid, water, 10 per cent potassium carbonate solu- 
tion, and water. The ether solution was dried over anhydrous 
potassium carbonate for 2 hours and then over sodium sulfate 
overnight. The ether was removed and the remaining product 
fractionally distilled. A fraction which distilled at 59-62°, 
p = 14mm., was collected and analyzed as follows: 


3.490 mg. substance: 6.180 mg. and 2.800 mg. H:20. 
0.1122 gm. 0.1294 gm. AgCl. 
C;H,;,0CI. Calculated. C 48.94, H 9.06, Cl 28.95. 
Found. 2.2, “8.0, 


Chloromethylpropyl Ketone (1-Chloropentanone-(2)).—The chlo- 
ropentanol obtained as described above was oxidized with potas- 
sium dichromate and sulfuric acid. The reaction mixture was 
steam-distilled and the chloroketone extracted from the distillate 
with ether. The ether solution was dried over sodium sulfate. 
After removal of the ether the chloroketone was distilled. It 
distilled at 55-57°, p = 15 mm. -It readily formed a bisulfite 
compound. It analyzed as follows: 


0.1110 gm. substance: 0.1316 gm. AgCl. 
C;H,OCl. Caleulated. Cl 29.43. 
Found. 29.33. 
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Hydroxymethylpropyl Ketone (Pentanol-(1)-one-(2)).—A mix- 
ture of 50 gm. of chloromethylpropyl ketone, 140 gm. of dried 
potassium formate, and 100 cc. of dry methyl alcohol was heated 
under a reflux condenser on a boiling water bath overnight. ‘The 
reaction mixture was cooled, dry ether was added, and the solution 
filtered. After drying the solution over sodium sulfate, the solvent 
was removed and the hydroxyketone was distilled under reduced 
pressure. The fraction which distilled at 62-64°, p = 18 mm., 
was collected and employed for reduction to the glycol. 

Dextro-1,2-Dihydroxypentane.—To actively fermenting 
mixture of 450 gm. of cane sugar, 450 gm. of bakers’ yeast, and 
4500 ec. of water were added 45 gm. of hydroxymethylpropy] 
ketone. The reaction mixture was allowed to stand 6 days and 
then worked up in the usual manner.’ ‘The glycol thus obtained 
was redistilled from a flask provided with a Vigreux column. It 
distilled at 97-99°, p = 13 mm. _ It analyzed as follows: 


5.930 mg. substance: 12.405 mg. CO, and 6.110 mg. H:0. 


Calculated. C 57.69, H 11.58. 
Found. 57.04, ‘* 11.52. 


In absolute alcohol it had the following rotation. 


2 + 2.60° 100 
— 
2 8.00 


= + 16.2°. 


Di-(Phenylurethane) of Dextro-1 ,2-Dihydroxy pentane.—The ureth- 
ane was prepared in the usual way and recrystallized from dilute 
alcohol. It melted at 107-110°. It analyzed as follows: 


0.1000 gm. substance: (Kjeldahl) 5.78 ec. 0.1 N acid. 
Calculated. N 8.18. 
Found. “8.09. 


In absolute alcohol the optical rotation was 


+ 1.50° 100 
al, = 
2 X 4.53 


= + 16.5°. 


’ Neuberg, C., and Kerb, E., Biochem. Z., 1918, xcii, 96. Farber, E., 
Nord, F. F., and Neuberg, C., Biochem. Z., 1920, exii, 313. 
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Conversion of Optically Active 1,2-Dihydroxypentane into Methyl- 
propyl Carbinol. 


Dextro-1-Bromo-2-H ydroxypentane.—Into 14.5 gm. of 1,2- 
dihydroxypentane ([a], = +16.2°) cooled in an ice water bath 
were passed 15 gm. of dry hydrogen bromide. The reaction 
mixture was then heated on the steam bath for $ hour, cooled, 
ice and chloroform added, and neutralized with solid potassium 
carbonate. The bromohydrin was extracted with chloroform and 
the extract dried over sodium sulfate. The chloroform was 
removed under reduced pressure and the bromohydrin distilled. 
It boiled at 72-74°, p = 18 mm. It analyzed as follows: 


0.1220 gm. substance: 0.1343 gm. AgBr. 
C;H,,OBr. Calculated. Br. 47.90. 
Found. “46.84. 


In a 2 dm. tube without solvent it had the following rotation: 
ay = +10.5°. 

Dextro-Methylpropyl Carbinol.—The bromohydrin obtained in 
the above experiment was reduced in alkaline solution with 
hydrogen in the presence of colloidal palladium. The procedure 
was the same as that previously described for the reduction of 
1-iodo-3-hydroxybutane.* The ether extract was dried over 
sodium sulfate and the ether removed with the aid of a Vigreux 
column. The ecarbinol was then distilled and a fraction which 
distilled at 116-120° was collected. In alcohol it had the follow- 
ing rotation. 

» + 2.00° X 100 


a-Naphthylurethane of Dextro-Methylpropyl Carbinol..—The 
urethane was prepared in the usual way. Recrystallized from 
dilute alcohol, it melted at 94-96°. It analyzed as follows: 

0.1000 gm. substance: (IKKjeldahl) 4.13 ce. 0.1 N acid. 


Caleulated. N 5.44. 
Found. ‘* §.78. 


In absolute alcohol it had the following rotation. 


20 + 1.05° * 100 
lal, = 2x 297 17.7°. 


* Levene, P. A., Walti, A., and Haller, H. L., J. Biol. Chem., 1927, 1xxi, 
467. 

‘Levene, P. A., Haller, H. L., and Walti, A., J. Biol. Chem., 1927, Ixxil, 
596. 
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INTRODUCTION. 


The work of Fletcher and Hopkins (1), Meyerhof (2), Embden 
(3), Hill (4), and others seems to have established beyond doubt 
that in the contraction of all muscles! a definite cycle of changes 
occurs in the carbohydrate metabolism. Briefly, glycogen is 


1 While it has yet to be definitely established that the contraction of the 
heart is dependent on a glycogen-lactic acid cycle such as occurs in skeletal 
muscle, there is no doubt that this is so in the case of smooth muscle (Evans 
(5)). A few experiments of my own on dog heart seem to show that gly- 
cogen disappearance during rigor mortis is accompanied by an equivalent 
appearance of lactic acid. It will be surprising if the contraction of the 
heart is dependent on some other chemical mechanism than this. 
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broken down to lactic acid via a hexose phosphate (lactacidogen) 
and contraction occurs. ‘This is the anaerobic phase. During 
recovery one-fifth to one-sixth of the formed lactic acid is burnt and 
the remainder reconverted into glycogen—by what route there 
is, at present, a difference of opinion. This is the aerobic phase 
and will not occur at all if oxygen is absent. 

The initial purpose of this investigation was to try to get some 
idea of the time taken in the intact mammal (cat) for this resyn- 
thesis of glycogen during recovery to be completed. 

Hill, Long, and Lupton (6) found in man, after exercise, that the 
greater part of recovery occurred within 3 to 3 of an hour, although 
if the exercise were severe, recovery was not completed for over 
3 to 4 hours. In these experiments the excess oxygen usage after 
exercise was taken as a measure of the lactic acid burnt, and hence 
its coincident resynthesis was assumed to have approximately the 
same time relations. 

The point that arises is this: When recovery is complete, as 
judged by the return of the oxygen consumption to normal, has 
the glycogen content of the muscles actually performing the exer- 
cise returned to what it was before exercise, or has a large quantity 
of the lactic acid formed in them been removed by the liver and 
those muscles not participating in the effort, so that while recovery 
of the whole animal is complete the active muscles have still less 
than their initial content of glycogen? So far this question has 
not been entirely answered. Barr and Himwich (7) have 
shown that the lactic acid formed in the legs during exercise is 
removed by the passive arm muscles, while Meyerhof (8), Embden 
(9), and others, have shown that muscle pulp or isolated muscles 
can convert lactic acid to glycogen in the presence of oxygen. 

It was thought that it could be easily done by stimulating one of 
a pair of corresponding muscles of anesthetized cats for a definite 
time, and by a series of experiments determining how long it took 
for the glycogen contents of the stimulated one to return again to 
the same value as the control. 

As will subsequently be shown, the recovery processes are pro- 
foundly altered by the presence of the anesthetic. The effect 
seems to be a blockage of the resynthesis of the formed lactic 
acid; that is, of the oxidative phase. ‘The initial breakdown of 
glycogen and the initiation of contraction do not appear to be 
affected. 


. 
* 
+ 


C. N. H. Long 565 


Methods. 


Cats were the animals used in all the experiments, nearly a 
hundred of which have been performed. In some a general 
anesthetic, 7.e. amytal, was used; in others a local anesthetic only. 
In a further series decerebrate animals were employed. Muscle 
glycogen was estimated by Pfliiger’s method (10), while the sugar 
formed in its hydrolysis was estimated by Bertrand’s method. 
Muscle lactic acid was estimated by the technique previously 
described by Ixatz and Long, this being essentially that of Meyer- 
hof (2) with a few modifications. Blood sugar determinations 
were made by the Folin-Wu method and blood lactic acid by 
Clausen’s method (11), observing the precautions previously noted 
by myself (12). 


Estimation of Glycogen and Lactic Acid in Mammalian Muscles 
and fleart. 


The tissues (10 to 20 gm. are sufficient) are removed as rapidly as 
possible and, in the case of the heart, are squeezed free from blood, 
and weighed. ‘They are then finely chopped in alcohol at —6° or 
less, care being taken that this is done beneath the surface of the 
liquid. ‘The whole mixture is then left in the freezing mixture for 
; hour and preferably longer. 

For the estimation of lactic acid and glycogen in the same 
tissue it is ground in a mortar with fine quartz sand and sufficient 
05 per cent alcohol to make a paste, the alcohol being run off and 
replaced by fresh about half a dozen times. ‘The mixture of sand 
and tissue is then placed on a filter paper and alcohol run through. 
The filtrate is then poured back through the filter, this being 
repeated some half a dozen times. Finally a quantity of fresh 
alcohol is run through. ‘This procedure will extract the greater 
part of the lactic acid while not affecting the glycogen which is 
insoluble in 95 per cent alcohol. ‘The alcoholic extract is then 
worked up for lactic acid as described later. 

To estimate glycogen in the fresh tissue or in the residue left 
after the alcoholic extraction, 2 cc. of 40 to 60 per cent KOH are 
added for every gm. of tissue used. The mixture is heated in a 
water bath for 3 hours or better still, in an autoclave at 120° for 
2 hours. It is then cooled, diluted with twice its volume of 
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distilled water and the glycogen precipitated with 4 times its 
original volume of 95 per cent alcohol. It is then left to stand 
overnight, by which time the glycogen will have settled in a 
fairly compact layer at the bottom of the beaker. ‘The superna- 
tant fluid is decanted off through an askestos filter. If this is done 
carefully no glycogen will go into the filter; if it does, the filter pad 
must be added to the precipitate. The whole of the remaining 
fluid and precipitate is evaporated to dryness on the water bath, 
is dissolved in a small quantity (10 to 20 cc.) of water, and 2 to3 
drops of phenolphthalein added and the solution neutralized with 
10 per cent HCl. Double the bulk of 95 per cent alcohol is added 
and the mixture is again left overnight to settle. Next day the 
supernatant fluid is again decanted off, the remainder evaporated to 
dryness, and redissolved in water. 5 cc. of 5 per cent HCl are 
then added and the mixture boiled gently for 3 hours to hydrolyze 
the glycogen. The solution is cooled, neutralized, filtered if 
necessary, and either diluted to an appropriate volume or else 
used for a single estimation of the glucose. In the latter case the 
volume should be approximately 20 cc. 

The glucose is estimated by Bertrand’s method which is too 
well known to need detailed description. If very small amounts 
of glycogen are present, or if the original amount of tissue is small, 
it is necessary to estimate the glucose by a micro method (Folin- 
Wu or Hagedorn-Jensen). 

The estimation of lactic acid? in the alcoholic extract is done by 
Meyerhof’s method (2). The solution is evaporated to dryness 
and the residue extracted with successive small quantities of a 
saturated solution of ammonium sulfate. For the above quan- 
tities of tissue a total quantity of 20 cc. is sufficient. The extract 
is filtered through asbestos and extracted three times with suc- 
cessive 10 cc. portions of pure benzene. This removes traces of 
alcohol, etc. The solution is then heated on a water bath to re- 
move traces of benzene and is diluted with distilled water to 100 
ec. 10 cc. of this are taken and the lactic acid estimated by the 
permanganate oxidation method of Clausen (11). 


2 The lactic acid method described above does not give absolute values 
as the alcohol extracts other substances besides lactic acid that reduce 
permanganate. To get a true value further purification is necessary. 
Nevertheless it gives fairly accurate relative values, as the other alcohol- 
extractable constituents of muscle are not affected by stimulation. 
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The routine of a typical experiment under general anesthesia 
was as follows: The animal was anesthetized, usually with amy- 
tal in doses of 0.5 to 0.7 cc. of a 10 per cent solution of the sodium 
salt which was injected intraperitoneally. Both sciatic nerves 
were then cut, high up in the thigh, and one was placed on plati- 
num electrodes. Cannule were tied in the trachea and the carotid 
artery—a blood sample being withdrawn as a resting control for 
blood sugar and blood lactic acid. One sciatic nerve was then 
stimulated by maximum break shocks from a Lewis rotary con- 
tact at a rate of 60 per minute for 30 minutes. This rate and 
time of stimulation were used in the majority of experiments. 
Furthermore the rate of stimulation is not rapid or severe enough 
to send the muscles into great “oxygen debt.”’ That this is so, 
is shown by the fact that no great increase of lactic acid occurred in 
the blood, and furthermore, the strength of response to the stimu- 
lation remained approximately constant throughout the experi- 
ment. Jn other words, the muscles were in a “‘steady state.” 

When the stimulation was stopped, the gastrocnemius muscles 
were either removed at once or the wounds were closed and the 
animal was left to recover, for a period varying from 3 to 7 hours. 
In some cases the operation was performed as asceptically as 
possible and the animal allowed to recover from the anesthetic 
before the muscles were removed. In all cases on removal the 
muscles were rapidly weighed and chopped at once in cold 95 per 
cent alcohol to prevent postmortem breakdown of glycogen. 
When recovery was allowed two or three additional blood samples 
were taken—one always at the end of the period of stimulation. 

The experiments under local anesthesia were performed by hold- 
ing the cat firmly but gently on its back, so as to prevent any 
struggling. ‘The skin areas over the exit of the great sciatic nerve 
from the pelvis were carefully anesthetized with 1 per cent novo- 
caine solution. The sciatic nerves were then dissected down to, 
and lifted out and severed by one snip of the scissors. Usually 
this invoked but one response from the muscles supplied by it. 

The distal end of one nerve was placed on the electrodes and 
from here on the technique was the same as previously described. 
The animals were killed by the injection of massive doses of 
amytal intraperitoneally. This rapidly produces unconscious- 
hess without struggling, upon which the tissues were removed. 
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In the decerebrate experiments the animals were anesthetized 
with ether and the carotid arteries tied. The skull was then 
trephined and the brain stem sectioned at the required level with a 
fine blunt-ended piece of glass tubing. Hemorrhage is almost 
negligible by this method. 


Results. 


1. Comparative Glycogen Content of the Gastrocnemius Muscles 


of the Cat. 


The first essential of these experiments is that the glycogen 
content of the two gastrocnemius muscles should be equal, or at 


TABLE I, 
Glycogen Content of Right and Left Gastrocnemius Muscles of the Cat 
(Control Experiments). 


Experiment No. | gastrocnemius. Difference. 
gm. per 100 gm, gm. per 100 gm. per cent 

3 1.34 1.40 4.3 

6 0.87 0.90 3.3 

9 1.22 1.13 6.5 

10 0.84 0.81 3.6 

12 0.71 0.71 0.0 

13 0.70 0.70 0.0 

15 1.16 1.14 1.8 

17 0.59 0.56 5.1 

18 0.76 0.82 7.3 

19 0.80 0.80 0.0 

0.90 0.90 3.2 


least sufficiently so to render the experimental results of some 
value. Elias and Schubert (13) have shown that the glycogen 
contents of pairedmammalian muscles are equal to within 2 to 3 per 
cent. Best and his coworkers (14) have found similar results in the 
cat and quote Pfliiger (15) as supporting evidence. 

Table I shows my own results on a series of ten cats in which the 
mean difference of this series was 3.2 per cent, while the individual 
variations were from 0.0 to 7.3 per cent. As will be seen later, 
the variations recorded under the experimental conditions used 
were much greater than this. The average glycogen content of 


C. N. H. Long 569 


the cat gastrocnemius muscle is about 0.9 per cent but is subject 
to considerable variation from animal to animal. 


2. Effect of Anesthesia without Stimulation on Glycogen Content of 
Skeletal Muscles. 


It is a well known fact that exposure of isolated muscles to 
chloroform vapor brings about a rapid breakdown of the lactic 
acid precursors so that in a very short time, half an hour or less, 
maximum amounts of lactic acid appear in the muscles. 

It is quite possible that this effect of chloroform may occur to 
some extent in the intact animal, and its possible relation to heart 
failure under anesthesia will be considered in a later article. 


TABLE II. 
Effect of Anesthetics without Stimulation on Glycogen Content of Muscles. 


Glycogen per 100 gm. 
Duration 
ans Anesthetic. of Right gas- Left gas- Difference. 
No. anesthesia. trocnemius trocnemius 
removed at removed at 
start. end. 
hrs, gm, gm, per cent 
64 Amvytal. 0.74 0.59 
65 ” 3 0.70 0.58 17.1 
79 Ether. 3 0. 67 0.55 17.9 


Muscles removed together after 3 hours of anesthesia. 


0.70 0.67 | 4.3 


Amytal. | 3 
| 3 


ee 


0.81 0.73 9.9 


Meantime, it becomes of some interest to determine the effect of 
the anesthetics used in these experiments on the resting skeletal 
muscles. After anesthetizing, one gastrocnemius was removed at 
once while the other was left in situ and exposed to the anesthetic 
for 3 hours before being removed. The results are shown in 
Table II and indicate that this exposure has resulted in a 17 to 20 
per cent reduction in glycogen content. Best, Hoet, and Marks 
(14) found a similar effect from amytal. If both muscles are 
exposed for 3 hours to the anesthetic, the difference is within the 
experimental one for this method (see Table I). 


ti 
> 
“ 
th 
+ 
4 
iz 
+. 
J 
44 
re 
nig’ 
| 
| } 
io 
— | 
i4 | 
i 
Fy. 
| 
& 
| 


570 


Effect of Anesthesia on Muscles 


TABLE IIL. 
Glycogen Restoration, Amytal Anesthesia. 
Stimulation rate, 60 per min. for 30 min. 
Glycogen 
Ss per 100 gm. 
S | Time of recovery. 3 s sé 8 Remarks. 
& 
= 5 a 
om. | om. | 
Series 21 | No recovery. | 0.34) 0.89} 62.0 
A. 0.37) 0.92} 60.0 
0.40) 0.76) 47.4 
0.48) 1.10} 56.4 
0.22} 0.97) 75.5) Strychnine convulsions. 
30; “ 0.28! 0.59} 52.6 
0.30; 1.00 70.0 
40 “ 0.43! 1.02} 57.8 
53} “ 0.53) 1.12) 52.5) Mean excluding Experi- 
ment 25, 57.3. 
Series 32 | $ hr. 0.33) 0.95] 65.4 
B. 0.44) 0.88) 50.0 
34 | 2 hrs 0.39) 0.89) 56.2 
36 3 “ 0.36) 0.92) 60.9 
51 | 3 0.56) 1.01) 44.5 
54 | 3 “ 1.06 1.71} 39.0) Light anesthesia. 
513 “ 0.22) 0.52) 57.6 
69 | 3 “ 0.30) 0.63) 52.4 
mis 0.39! 0.61) 36.0 
108 |} 3 “ 0.42; 0.68, 38.3) Mean of Experiments 32 
to 108, 50.5. 
39 | Shrs 0.35) 0.67| 47.8 
26 0.74) 0.97) 23.7 
42 0.71; 1.06; 33.0 
0.95) 1.01} 5.9) Strychnine convulsions. 
Very light anesthesia. 
66 | 24 “ 0.59} 0.75) 21.2) Anesthetized throughout. 
68 | 24 “* 0.55! 0.52); 5.5) After 24 hrs. recovery 
from anesthesia. 
71 + 45 days.* 0.60) 0.63) 4.8) After 5 days recovery 
from anesthesia. 
* Cf. text. 
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3. Effect of Stimulation on Glycogen Content of Skeletal Muscles. 


(a) With General Anesthesia.—In the great majority of these 
experiments the anesthetic used was amytal, made by Eli Lilly 
and Company. ‘This is isoamylethylbarbituric acid. In the 
first series of experiments (Table III, Series A) the muscles were 
taken immediately at the end of stimulation of one of them. This 
stimulated side showed an average reduction of 57.3 per cent in 
glycogen content compared to the resting side. Even at first 
sight this seems a large reduction considering that the stimulation 
was only at the rate of 60 a minute for 30 minutes, and that no 
great increase could be observed in muscle lactic acid or blood 
lactic acid as a result of it. 

In Series B, Table III, the effect of periods of recovery from 4 
to 24 hours was observed. During this recovery period the ani- 
mal was left anesthetized. A study of Table III shows that 
recovery after 3 hours had entirely unaffected the difference in gly- 
cogen content of the two sides, the average difference of the six 
experiments allowing 3 hours recovery, being 50.3 per cent, as 
compared to 57.3 per cent when the muscles were removed at the 
end of stimulation. 

Recovery for longer than 3 hours seems to show that a certain 
restoration of glycogen is taking place in the stimulated muscles, 
the average difference being about 25 per cent at 7 hours, while if a 
further injection of amytal was given (so as to maintain the anes- 
thesia over until next day) the difference was still 22 per cent. 
In two other experiments the muscles were not removed until the 
animals had recovered from the anesthetic for 24 hours and 5 days 
respectively, at which time the difference in glycogen content was 
only 5.5 and 4.8 per cent respectively. 

The slow restoration of glycogen in these experiments is in sharp 
contradistinction to the lactic acid changes. ‘The lactic acid 
content both in these cats and in man (6) after exercise bears an 
entirely different time relation. In my direct determinations on 
animals, the muscle lactic acid after exercise of this kind is never 
greatly increased. In addition, any accumulation is removed 
within an hour of exercise, although, as previously pointed out, 
this may be due to its being washed out by the blood stream. In 
man the recovery process, that is the restoration and oxidation of 
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lactic acid formed as a result of exercise, is complete even after the 
severest exercise within 3 to 4 hours (6). Here again it is just 
possible that this has been done by the inactive muscles and the 
liver, while the restoration of the glycogen content of the active 
muscles is a much slower process, extending over at least 24 hours 
and being dependent upon sugar brought to them by the blood 
stream. In my opinion, this latter view is unlikely as, if glycogen 
restoration after such mild exercise as was done by these cat 
muscles is so slow, why is it that in man several maximum efforts 
can be made by the same groups of muscles within 2 to 3 hours? 
(Cf. any major athletic event.) 


TABLE IV. 
Glycogen Restoration, Local Anesthesia. 
Stimulation rate, 60 per min. for 30 min. 


Glycogen per 100 gm. 
vent No. Diff 
xperiment No of recovery. Stimulated RSE ifference 
hrs, gm. gm, per cent 

74 3 0.69 0.70 1.4 

3 0.58 0.57 

107 3 0.39 0.44 11.4 

110 3 0.76 0.79 3.8 

112 3 ae 0.50 8.0 

114 3 | 0.67 0.70 4.3 


(b) In Decerebrate Animals.—On the assumption that this in- 
hibition of glycogen restoration was an effect of the anesthetic, a 
similar experiment was performed on a decerebrate cat. In this 
experiment ether was used only as a preliminary and the animal 
was allowed to breathe the majority of it off before one muscle 
was stimulated. The result was that the glycogen content of the 
control and stimulated muscles differed only by 8.5 per cent after 
3 hours recovery. 

(c) With Local A nesthesia.—Decerebration may introduce so many 
factors known and unknown, into muscle metabolism that it was not 
proceeded with. Instead, both sciatic nerves of a cat were severed 
under local anesthesia and the experiment proceeded with as be- 
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fore. In all experiments in Table IV3 hours recovery were allowed, 
and as can be seen recovery was practically complete in this time. 
The remarkable difference in results, as shown in Tables III and 
IV, can only be put down to the presence of general anesthesia in 
the former series of experiments. 

(d) Changes in Muscle Lactic Acid during General Anesthesia.— 
Table V shows the changes in lactic acid content of the muscle in 
experiments parallel to those in Tables III and IV. In some 
instances both lactic acid and glycogen were determined in the 
same pairs of muscles. After killing in ice-cold alcohol, they were 
ground thoroughly with sand and extracted with further quantities 


TABLE V. 
Lactic Acid Production in Muscles, Anesthesia. 
Stimulation rate, 60 per min. for 30 min. 


| Lactie acid, mg. per cent. 
xperiment Anesthetic. | ime 
| | Resting muscle. — 

43 Amytal. None. 0.40 0.15 
53 0.07 0.09 
56 Decerebrate. 0.12 1). 22 
57 0.15 0.26 
52 Amytal. 3 hrs. 0.10 0.20 
54 0.04 0.05 
5d Decerebrate. 0.10 0.10 
58 0.14 0.13 


of 95 per cent alcohol. The alcoholic filtrates were worked up for 
lactic acid, while the residue of sand and muscles was treated with 
60 per cent KOH and the glycogen determined as before. It will 
be seen that the lactic acid content immediately after stimulation 
is never more than twice as great as the resting value, while 3 hours 
later the two are the same within experimental limits. 

(e) Effect of Amytal Anesthesia on Blood Sugar and Blood Lactic 
Acid after Stimulation.—Page (16) reports that amytal anesthesia 
is without effect on the blood sugar. This, from my own experi- 
ence, is not invariably the case and Weiss (17) reports similar 
results. After stimulation of the one set of muscles the blood 
sugar is often slightly raised, but never to any great extent. 
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The blood lactic acid did not change very much after stimula- 
tion, probably owing to the fact that the amount produced was 
diluted to too great an extent by the circulation and tissue fluid. 
A simple calculation will show this: 


Cat, weight 3 kilos; assume 1} kilos in diffusion equilibrium with the 
blood stream. Glycogen content of stimulated muscles, 0.3 per cent; 
glycogen content of the resting muscles, 1.0 per cent; weight of muscles 


TABLE VI. 
Lactic Acid in Blood after Stimulation of Muscles. 
Stimulation rate, 60 per min. for30min. Amytal anesthesia throughout. 


Lactic acid, mg. per cent. 
xperiment uration o 
PNo. Resting End of End of 
sample. exercise. recovery. 
30 None. 15.4 15.0 
24 ay 20.3 230.0 Strychnine spasms for 
20 min. 
25 - 22.8 280.0 Strychnine spasms for 
1 hr. 
37 “ 33.9 28.1 
41 33.2 31.6 
44 ” 23.9 34.9 
53 se 20.1 27.5 
32 + hr. 41.1 40.0 29.0 
33 48.5 44.1 32.5 
34 2 hrs 24.1 26.3 
36 i 31.8 47.5 33. 
52 Sew 27.7 27.7 19.1 
54 Se 38.6 37.2 
59 ea 34.8 41.7 17.9 
26 ey 26.7 38.5 17.5 
42 Tiles 56.8 68.6 40 7 


stimulated, 40 gm. Therefore, the glycogen loss equals 0.28 gm., which is 
equivalent to 0.26 gm. of formed lactic acid. Therefore, the percentage 


100 260 
increase in the blood and tissue fluid would be a = 1.7 mg. (approx- 


imately), an undetectable amount. 


After 3 hours recovery the lactic acid often fell slightly below 
the resting figure, as this was sometimes upset by movements 
during the administration of the anesthetic. 
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4. Oxygen Intake during and after Stimulation under General 
Anesthesia. 


The present accepted view is that the excess oxygen intake 
during exercise and the excess oxygen used in recovery are re- 
quired entirely for the restoration of formed lactic acid to its 
precursor and ultimately to glycogen. Whether this is accom- 
plished by the oxidation of one-fifth to one-sixth of the formed 
lactic acid, as is postulated by Hill (4) and Meyerhof (2) or 
whether through other metabolic paths, is not yet definitely de- 
cided. Nevertheless, if anesthesia abolishes this restorative or 
oxidative phase we would expect to find that this excess usage of 
oxygen was absent. 

I attempted to do this in a number of animals by attaching 
respiratory valves made of sausage skin to the tracheal tube and 
collecting the expired gases in small bags after the Douglas bag pat- 
tern. Owing to the comparatively small weight of muscle stimu- 
lated, it is not to be expected that the excess oxygen usage would 
be great, and as a result these experiments have up to the present 
been negative. They are, however, being repeated in animals 
convulsed by strychnine. The technique employed is essentially 
the same as used by Hill, Long, and Lupton (6) in their experi- 
ments on the oxygen requirement of exercise In man. 


5. Fate of Injected Sodium Lactate in Anesthetized and Un- 
anesthetized Animals. 


From the generally accepted views of muscular contraction it is 
to be expected that injected sodium lactate would be partially 
oxidized and partially converted into glycogen. If the oxidative 
phase is blocked by the presence of anesthetics, injected sodium 
lactate would first come into equilibrium with the tissue fluids and 
then its level in the blood and tissue fluids should remain constant 
until the anesthetic is removed. 

Riegel (18) has studied the fate of injected sodium lactate in 
unanesthetized dogs, while Katz and I in some unpublished experi- 
ments have done the same thing on anesthetized ones. The results 
will be considered in full in a later paper, but, for the present, it is 
sufficient to say that in our experiments and Riegel’s the rate of 
removal from the blood after the first rapid fall due to diffusion is 
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either nil or very slow. ‘This is especially seen when the rate of 
removal in these experiments is contrasted with the rate of re- 
moval of formed lactic acid in man (6). 

The presense of an anesthetic in our experiments apparently 
does not cause any different rate of removal from that found by 
Riegel in unanesthetized animals. Yet both are much slower 
than is the removal of lactic acid formed in the body as the result 
of exercise. Why is there this difference? 

At present the only explanation that I can offer is that we are 
dealing in the experiments of Riegel and of Katz and myself with 
the racemic (inactive) form of lactic acid, while the lactic acid 
produced in the muscles is the dextrorotatory type. The rate of 
oxidation of these isomers may be very different and account for 
these results. 

There are many instances of this difference between optical 
isomers in their power to produce physiological effects. To quote 
but two: (1) the difference in pressor effect of the two optical 
isomers of adrenalin, the levo being 11 to 13 times as active as the 
dextro; (2) d-glucose is probably the only form oxidized in the 
body, l-glucose being almost quantitatively excreted unchanged. 
The close connection between glucose and lactic acid is to be 
remembered in view of the above, since the greater part of carbo- 
hydrate oxidation occurs in the muscles. 

However, this question is still in the experimental stage and I 
hope to deal further with it in a later communication. _ 


DISCUSSION. 


So far the definite finding on the effect of anesthesia in the 
recovery process in muscle has been (1) an almost complete in- 
hibition of the restoration of glycogen in the muscles; (2) the 
contraction phase of the glycogen lactic acid cycle is unaffected. 
The lactic acid formed in contraction disappears from the muscles 
and probably comes into the diffusion equilibrium with the body 
fluids. No doubt a certain amount finds its way into the urine 
in spite of the scantly kidney secretion that is going on under 
anesthesia. Although not yet definitely proved, it would appear 
from the above consideration that the usual response of the oxygen 
intake to exercise would be greatly diminished or lacking under 
anesthesia. 


0 

t 

t 

a 
fc 

0 
Ci 

t 

\ 

i 

of 


AV 


— = 


C. N. H. Long 577 


Lack of knowledge of the fundamental oxidative mechanism of 
the cell prevents us from attempting to state the exact reason why 
anesthetics should act in this manner on the carbohydrate cycle in 
muscles. No doubt this is a highly specialized mechanism and as 
such is readily susceptible to the effect of anesthetics (cf. the central 
nervous system). The work of Warburg (19) on the effect of 
hypnotics of the veronal type (of which amytal is one) on cell 
oxidation is particularly suggestive in this respect. 

Chloroform is well known to have a remarkable effect in breaking 
down the lactic acid precursors in muscles exposed to its vapor 
outside the body. As far as I know, no one has attempted to 
test the power of other anesthetics in this respect, though if they 
act in a similar manner it seems probable that another factor 
might be introduced into the effects of them on muscle metabolism 
even in the low concentration in which they are present in the 
blood. Two effects would then be at work: (a) an inhibition of 
the oxidative-restorative phase and (b) a direct breakdown of 
lactic acid precursors apart from that caused by the stimulation 
of the muscles due to the specific effect of the anesthetic used. 

The practical applications of these experiments concern only 
those muscles which are essential to life during anesthesia; 7.e., 
the heart and respiratory muscles. Dr. Brow and I are investi- 
gating the changes in the glycogen content of these muscles during 
anesthesia and the results on the heart (reported in detail in the 
next part of this work) are the most striking. So far we have 
found the glycogen content to be greatly lowered by some 3 hours 
of ether anesthesia and by even shorter times under chloroform. 
In addition this lowering of glycogen appears to be connected 
with definite electrocardiographic changes. 

The liver glycogen is also lowered by anesthesia, although surgi- 
cal trauma may account for a certain proportion of this. Never- 
theless, the hyperglycemia of anesthesia is a well recognized fact. 
Meyerhof (2) and Embden (3) have taught us how closely the 
phosphorus metabolism of the body is bound up with that of the 
carbohydrates, particularly in the muscles. Stehle and Bourne 
(20) have shown that during anesthesia there is a retention of 
inorganic phosphates in the body and that these are not removed 
until the anesthetic is withdrawn. Now the immediate precursor 
of lactic acid according to Meyerhof (2) is a hexose diphosphate 
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which on breakdown gives lactic and phosphoric acid by a mech- 
anism such as this. 


(glycogen) 
= 4 + + 8 H.0 
‘hexose diphosphate) 


= 8 C;:H.O; + 8 K:HPO, + 
(lactic acid) (dipotassium 
hydrogen 
phosphate) 


2. 8 C;H.O; + 8 K.HPO, + C.H1.0. + 6 O2 
= 4 4- 6 CO; 14 H,0 


4 
= + 8 KAHPO, + 6 CO; + 10 H:0 


If the oxidative phase is inhibited by anesthesia, it is to be ex- 
pected that inorganic phosphates would accumulate just as the lactic 
acid does. Furthermore, a direct action of anesthetics in breaking 
down the lactic acid precursors would have a similar effect as 
regards the phosphates. As Stehle and Bourne (20) have sug- 
gested, this effect must play no small part in the production of the 
acidosis of anesthesia apart from any incident on the anoxemia 
accidentally produced by administration of the anesthetic, al- 
though this was avoided in all the experiments recorded above. 
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QUANTITATIVE STUDIES OF 6-OXIDATION. 


I. THE CONJUGATION OF BENZOIC ACID AND PHENYLACETIC 
ACID FORMED AS THE END-PRODUCTS FROM THE OXIDA- 
TION OF PHENYL-SUBSTITUTED ALIPHATIC ACIDS.* 


By ARMAND J. QUICK. 


(From the Department of Surgical Research, Cornell University Medical 
College, New York City.) 


(Received for publication, March 14, 1928.) 


As the result of Knoop’s studies on the oxidation of the simple 
phenyl-substituted normal aliphatic acids, he proposed his well 
known theory of 6-oxidation (1) about which is centered so much 
of our present knowledge concerning the metabolism of fats. 
The intensive researches of Dakin (2-5) on the oxidation of these 
same acids especially from the point of view of isolating the 
intermediary products further substantiated this hypothesis and 
presented evidence to explain the mechanism involved in this im- 
portant biological oxidation. Various studies on the formation 
of the acetone bodies have furnished additional proof as to the 
validity of assuming that 6-oxidation is an important mechanism 
in the combustion of at least the short chain fatty acids. Never- 
theless, the question remains whether oxidation through the 
3-carbon atom is the sole process by which the fatty acid molecule 
is broken down, or whether other mechanisms such as fission at 
points of unsaturation also take place. ‘There is no quantitative 
evidence at present to prove that 8-oxidation is the only process 
employed in the catabolism of fatty acids. Recently Clutterbuck 
and Raper (6) even suggested that y- and 6-oxidation may occur 
quite commonly within the organism. It must be pointed out 
that the studies of both Knoop and Dakin were essentially qualita- 
tive in nature, and that in the few experiments in which yields of 
hippuric acid and other excretory end-products were given, they 


* This work was aided by a gift of Mrs. John L. Given in support of 
surgical research. 
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fall far below the theoretical amounts which should have been 
obtained from the respective phenyl derivative of the fatty acid 
under investigation. 

The situation has been admirably summed up by Leathes and 


Raper (7). 


“One gramme molecule of phenylpropionic acid, for instance, should 
give rise to 1 gramme molecule of benzoic acid and 1 of phenylbutyric acid 
to 1 of phenylacetic acid. The extent to which these expectations are 
realized may, therefore, be used as a measure of the completeness of 6 
oxidation. It is unfortunate that the experimental data available which 
can serve as evidence for the discussion of this question is very scanty...... 
[After citing several experiments:] So far as these examples go, they do not 
support the idea of exclusive 8 oxidation.”’ 


When one reviews the experiments of Knoop and of Dakin in 
the light of our present knowledge concerning the conjugation of 
benzoic acid in the dog and other animals, the reason for their 
failure to get quantitative results is obvious. Their attention 
was centered entirely on the glycine derivatives of benzoic acid 
and phenylacetic acid, without giving any consideration to other 
possible conjugated forms in which these acids might be excreted. 
Since in dogs, the animal used in many of their experiments, 
benzoic acid is conjugated to the extent of 70 per cent with gly- 
curonic acid (8) it is obvious why the quantity of hippuric acid 
isolated fell far below the theoretical expected amount. As has 
been mentioned in a previous paper (9) phenylacetic acid is like- 
wise excreted partly combined with glycuronic acid and partly 
with glycine. And curiously enough while the ratio of benzoic 
acid combined with glycuronic acid to that combined with glycine 
is roughly 3:1, almost the inverse ratio holds for phenylacetic 
acid, in which case only 1 molecule of the acid is combined with 
glycuronic acid for every 2 united with glycine. These ratios are 
so strikingly different, and yet so remarkably constant that they 
immediately suggest investigating the conjugation of these two 
acids when they are formed as the end-products of the higher 
acids of the series. It was this phase of the problem which 
yielded the most interesting results and was therefore most care- 
fully studied. 
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EXPERIMENTAL. 
The dogs were kept on a standard diet of lard, sucrose, casein, 
and brewers’ yeast as described in a previous publication (8). 
TABLE I. 
Relative Conjugation with Glycuronic Acid and Glycine of Benzoie Actd and 
| Phenylacetic Acid When Fed or Derived from Oxidation of a Higher 
| Phenyl-Substituted Aliphatic Acid. 
Combined benzoie acid. 
| 
ss 
Substance fed. = 
, With 
29.9] —*. uronic , With 
E |eial os 
1 ~ = 
gm gm. | hrs gm gm. gm 
7 | Benzoie acid......... 5.0/5.0| 32) 3.65, 71.5) 1.45 28.5) 5.10 
8 5.0; 5.0 | 32 | 3.96) 71.5) 1.57] 28.5 5.53 
| 2 | Phenylpropionic acid.| 5.0 | 4.1 | 48 | 2.94] 75.0] 0.98] 25.0) 3.92 
7 |} 5.0) 4.1 | 48 | 2.77) 65.0) 1.50) 35.0) 4.27 
“ |} 6.0 | 4.9 | 48 | 3.50) 68.0; 1.65) 32.0) 5.15 
§ " “ | 7.4; 6.0} 32 | 4.80; 73.0) 1.80] 27.0 6.60 
| 7 | Cinnamice acid........ 6.0} 48 | 3.50) 65.0) 1.92) 35.0) 5.42 
8 6.0/5.0! 32 | 3.50) 66.5) 1.75) 33.5) 5.25 
| Combined phenylacetic acid. 
6 | Phenylacetic acid....| 5.0 | 5.0; 30] 1.58) 35.5) 2.62) 64.5, 4.20 
6 5.0T| 5.0 | 48 | 0.77) 19.0) 3.30) 81.0) 4.07 
2 ...| 5.0! 5.0 | 48 | 1.25) 35.0) 2.33) 65.0) 3.58 
2 ...| 5.08] 5.0 | 36) 0.80) 17.5) 3.72) 82.5) 4.52 
7 ...| 5.07} 5.0 | 36]! 1.08) 20.0) 4.38) 80.0) 5.46 
7 ...| 5.0 | 5.0} 32 | 1.61) 30.5) 3.65) 69.5) 5.26 
§ “ 56.5 5.5 48) 1.74) 32.0 3.75 68.0) 5.49 


catheterized. 
+ 20 gm. of gelatin included in regular diet. 
: 5gm. of glycine included in regular diet. 


acid was fed as the ammonium salt. 
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* The period of collection was only approximate since the dogs were not 


The animals were fed once a day, and the acid in the form of its 
sodium salt was incorporated directly in the food. Cinnamic 
In the earlier experiments 
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(Table I) the animals were not catheterized, but approximate 
30 to 48 hour specimens of urine were collected. In order to get 
more accurate and consistant results it was found necessary to 
collect urine for definite periods by means of catheterization. 
Generally a 24 hour and a following 12 hour specimen were col- 
lected. The substance under investigation was fed only every 
3rd or 4th day to insure complete removal of its end-products be- 
fore a new drug was fed. 


Analytical Methods. 


The same methods as outlined in a former paper (8) were used 
without modification except that it was found advisable to prolong 
the hydrolysis of hippuric acid with concentrated hydrochloric 
acid to 1 hour instead of 30 minutes. The author’s method for 
hippuric acid can be applied without any changes to the quantita- 
tive determination of phenaceturic acid, and similarly the 
analytical procedure for glycuronic acid monobenzoate can be 
used directly for glycuronic acid combined with phenylacetic acid. 
This compound is undoubtedly glycuronic acid monophenylace- 
tate. Like the benzoic acid compound, it appears to be levo- 
rotatory, but becomes dextrorotatory in alkaline solution. 

Free benzoic acid and phenylacetic acid were determined only 
occasionally and the amount was always found to be very small. 

Preparation of Phenylbutyric Acid.—The method used was 
essentially the same as that employed by Dakin (8), but it was 
found possible to reduce phenylisocrotonie acid with hydriodic 
acid directly instead of first converting into phenylbutyrolactone, 
thus eliminating a rather tedious procedure. The details of the 
method used were as follows: For the preparation of phenyl- 
paraconic acid, 100 gm. of anhydrous sodium succinate, 56 cc. of 
benzaldehyde, and 60 cc. of acetic anhydride were mixed in a 
Kjeldahl flask, and heated on a water bath for 15 hours (10) or 
6 hours at 108-110° (11). The resulting black mass was dissolved 
in | liter of hot water, steam-distilled to remove the excess benz- 
aldehyde, boiled with decolorizing charcoal, and finally acidified. 
On cooling a crystalline mass consisting mainly of phenylparaconic 
acid and a little phenylisocrotonic acid separated out. Without 
further purification, the dried product was distilled under reduced 
pressure, In this process carbon dioxide split off and the phenyl 
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paraconic acid was converted to phenylisocrotonic acid (CsH;CH = 
CH CH.COOH) which distilled as a yellow oil that crystallized on 
standing. This product also contains a little phenylbutyrolactone. 
To remove this, the crystalline mass was dissolved in an excessof 
sodium hydroxide solution which was extracted with ether to 
take out the lactone. On reacidifying the aqueous solution, 
phenylisocrotonic acid precipitated out in crystalline form. 
Instead of converting the acid to phenylbutyrolactone as has been 
done heretofore, it was reduced directly with hydriodic acid. 
1 part of the compound was refluxed for 10 hours with 10 parts of 
hydriodic acid and 1 part of red phosphorus. ‘The solution was 
diluted with water, cooled, and extracted with ether. In this 
procedure a little iodine is liberated and will go into the ether 
solution. It is very essential to remove the free iodine as it inter- 
feres with the isolation of crystalline phenylbutyric acid. The 
ether solution was therefore shaken with a dilute solution of 
sodium thiosulfate, filtered through a dry filter, and the ether 
finally distilled off. The phenylbutyric acid was left as a thick 
oil which on standing crystallized. The yield based on phenyl- 
isocrotonic acid was 90 percent. ‘The acid used in feeding experi- 
ments was not further purified, but the acid can readily be obtained 
ina high state of purity by recrystallization from hot water. 


DISCUSSION. 


The main aim of this work was to investigate quantitatively 
the oxidation and conjugation of the various phenyl-substituted 
fatty acids previously studied by Knoop and by Dakin. As has 
been stated before, their work on these acids was primarily qualita- 
tive, and this has been one of the chief sources of weakness in the 
theory of B-oxidation. Thus, the isolation of hippuric acids from 
urine after feeding phenylpropionic acid does not necessarily 
prove that the acid is completely oxidized to benzoic acid, for 
even with a quantitative recovery of all the hippuric acid, two- 
thirds of the ingested acid will be left unaccounted for, and there- 
fore offers no evidence against the assumption, for instance, that 
the greater portion of the acid may be completely oxidized by some 
other mechanism. With the recognition that benzoic acid is 
conjugated both with glycine and glycuronic acid, and since it has 
further been shown by the author that the sum of the two forms 
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of combined benzoic acid fairly quantitatively accounts for the 
amount of acid ingested (8) it was felt that it might be profitable 
to reinvestigate the oxidation of some of the phenyl-substituted 
fatty acids especially from the point of view of studying quantita- 
tively the conjugation of the end-products of these acids. Such 
a study it was felt might aid materially in deciding whether £- 
oxidation was the sole mechanism by which the fatty acid is 
broken down in the body. The results obtained in this research 
show definitely that the acids thus far studied are broken down 
exclusively by 6-oxidation. 

Before discussing the results in detail it might be well to say 
a little about the experiments themselves. In employing the 
various phenyl-substituted acids, the idea, of course, is entertained 
that they are handled by the organism almost exactly like the 
normal fatty acids until they are oxidized either to benzoic acid or 
phenylacetic acid. With this in mind all efforts were made in 
these experiments to preserve as nearly as possible normal physio- 
logical conditions. ‘The compounds under investigation were 
incorporated in the food so that they might enter the body through 
the same portals and follow the same path as the fatty acids. 
Parenteral administration was avoided because the rate of 
absorption is apt to vary greatly and there is a definite danger 
that one may induce toxic symptoms. ‘To obviate as much as 
possible any toxic action, the acid studied was administered in 
relatively small amounts, the equivalent of 0.5 gm. or less of 
benzoic acid per kilo of body weight. No deleterious effects either 
immediate or after prolonged feeding were ever noticed. It 
must furthermore be remembered that small amounts of benzoic 
acid and possibly also of phenylacetic acid appear so frequently in 
normal urine thay they can be looked upon almost as constant 
products of metabolism. This leads one to another point, namely 
the importance of diets in experiments such as reported in this 
paper. , Obviously, no food containing precursors of benzoic acid 
ought to be used, nor should the protein fed contain glycine, 
since this definitely increases the output of hippuric acid. A diet 
consisting of casein, sucrose, lard, and a little brewers’ yeast gave 
satisfactory results, but nevertheless an appreciable blank for 
both glycine and glycuronic acid was obtained. The origin of this 
benzoic acid is not definitely known. Salkowski (12) found 
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hippuric acid even in the urine of fasted dogs in amounts similar 
to that obtained in the present study. If the benzoic acid nor- 
mally found in the urine results from putrefactive processes in the 
intestines, as is generally assumed, the incorporation of these 
phenyl-substituted acids should hinder bacterial action by virtue 
of their antiseptic action, and therefore reduce the blank. Since 
there is some uncertainty on this point, and as the blank does not 
materially alter the results, it was thought best to record all experi- 
ments without correcting for the blank. By collecting exact 24 
hour specimens of urine, one can minimize this small theoretical 
error, and since it is presumably the same in all experiments, cor- 
rect comparative results are obtainable. Of course, it is hardly 
necessary to state that the type of experiment employed in this 
research does not lend itself for absolute quantitative studies. 
Among the sources of error one may cite that a small fraction of 
the substance fed may escape absorption, or that the excretion of 
the last portion of the substance may be so slow that it is not 
feasible to collect it completely. Thus, salicylic acid can be 
detected in the urine even 72 hours after its administration. In 
general about 80 per cent or more of the benzoic acid or phenyl- 
acetic acid, whether derived from higher acids or fed directly, is 
excreted during the first 24 hours. 

The quantitative recovery of benzoic acid and phenylacetic 
acid following the feeding of the higher phenylaliphatic acids 
does not constitute the only evidence for exclusive 6-oxida- 
tion. A second and a more sensitive test was found in the ratios 
with which benzoic acid and phenylacetiec acid combine with 
glycuronic acid and glycine. For some reason totally unknown, 
benzoic acid in the dog is mostly conjugated with glycuronic acid, 
and only to a small extent with glycine, whereas phenylacetic acid, 
on the contrary, is combined largely with glycine and only to a 
minor degree with glycuronic acid. In a carefully standardized 
experiment these ratios are remarkably constant. On giving 
benzoic acid in a dose of 0.5 gm. per kilo of body weight to a dog 
maintained on a glycine-free diet, very close to 3 parts of the acid 
are conjugated with glycuronic acid, and 1 part with glycine. On 
the other hand, when a similar amount of phenylacetic acid is fed, 
2 parts of it will appear in the form of phenylaceturic acid, and only 
1 part as the glycuronic acid compound. What is even more 
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interesting, the benzoic acid which is formed as the end-product 
of the oxidation of the higher phenyl-substituted acids having an 
odd number of carbon atoms, is conjugated almost exactly as when 
benzoic acid itself is fed; and similarly when phenylacetic acid is 


TABLE Il. 
Conjugation of Benzoic Acid and Phenylacetic Acid When Fed Directly and 
When Derived from Oxidation of Higher Phenyl-Substituted Fatty Acid. 
Dog9. Weight 12 kilos. 


| ie | Combined benzoic acid. 
| 
| Followi 
| | 24 br. period. 
period 
| Substance fed. | 
| 2.5 | 
| | 
| | gm. | gm. | gm. | Per gm. pa gm. iste aes 
| Bensoie acid........... 6.0 |4.52:74.0 1. 60/26.0/6.12)0. 48 0.16 
3 | Cinnamic acid.......... 7.3 | 6.0 67/0 28 
4 | Phenylpropionic acid... 7.4 | 6.0 3.88 72.0 1.50)28.05.38)0.48 0.14 
| Benpote acid............ | 5.0 13.65 66.0)1.90 34.0/5.55 | 
Phenylacetic acid...... 1.0) 1.0 | 
0.53) |0.19} 0.72) | 
Combined phenylacetic acid. 
6 | Phenylacetic acid...... 6.5 | 6.5 |1.85)34. 5/3. 50/65. 5)5.35)0.58 0.34 
7 6.5 | 6.5 |1.85 33.03.7567 .0/5.60 
8 | 4.0 | 4.0 
9 | Phenvlisocrotonie acid.) 7.7*| 6.5 
19 5.0 | 4.2 11.1131. 57 
1] Phenylbutyrie acid.....; 5.0 | 4.2 440.20 
12 | Phenylacetic acid...... 5.5 | 5.5 |2.42)41.5)3. 43/58. 55.85 
| Benzoie acid............ | 1.0} 1.0 


* Dog vomited, amount of material lost not known. 


produced as the end-product, the characteristic 2:1 ratio of 
phenylacetie acid is obtained. In the compounds studied, these 
two ratios have been so constant that from this fact alone it can be 
concluded with a fair degree of certainty that both the 3 and 4 
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earbon acids undergo exclusive $8-oxidation. If even less than 
20 per cent of the acid studied was oxidized differently, it would 
undoubtedly be reflected in the ratio, as is well illustrated by 
Experiments 5 and 12, Table II. By feeding only 1 gm. of phenyl- 
acetic acid with 5 gm.of benzoic acid, there was a definite decrease 
in the amount of glycuronic acid produced, and a corresponding 
increase in the conjugation with glycine; and when 1 gm. of 
benzoic acid was fed with 5.5 gm. of phenylacetic acid one obtained 
almost the theoretical augmentation in glycuronic acid and the 
expected decreased conjugation with glycine. These illustrations 
suggest how the ratios of conjugation may offer a new means for 


TABLE III. 
Relative Rate of Conjugation of Glycuronic Acid and Glycine with Phenyl- 
acetic Acid and Benzoie Acid during Early and Late 
Period of the 24 Hours after Feeding. 


Dog 9. Weight 12 kilos. 


Comb ee Combined benzoic acid. 
First 8hrs. | Last 16 hrs. | First Shrs. | Last 16 hrs. 
Acid fed. Le Lei 
gm. | gm gm. | gm gm gm gm gm gm 
Phenylacetic.......... 6.5 | 0.92) 1.30 0.92) 2.50 
6.0 1.84 0.55; 2.66) 0.99 


determining the metabolic path of various compounds. ‘This 
idea will be brought out more clearly when the oxidation of the 
various acids used in this research will be discussed. 

When one attempts to find an explanation for the marked 
difference with which benzoie acid and phenylacctice acid are 
handled by the organism, one realizes how incomplete our knowl- 
edge is concerning the various synthetic processes in the body. 
The lack of an adequate supply of either glycine or glycuronic 
acid certainly seems to be a minor factor, for the experiments 
recorded in this work indicate that the organism can furnish both 
substances in relatively large amounts without any embarrass- 
ment. The old theory of Magnus-Levy (13) that the glyeuronic 
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acid conjugation Is a second line of defense mechanism certainly 
does not hold in the ease of the dog, since the glyecuroniec acid 
conjugation seems to be even slightly greater during the earlier 
part of the period as compared with the formation of hippuric 
acid or phenvlaceturie acid (Table III). This leads to the rather 
peculiar question whether all of the conjugation with glycine is 
primary or whether a portion, at least, may not be formed second- 
arilv from the glycuronie acid compound. As was reported in a 
previous paper (14) when glycuronic acid monobenzoate is 
ingested by man, the benzoic acid appears entirely as hippuric acid 
in the urine. While it is very unlikely that all of the hippuric 
acid is thus formed, one musi keep in mind the possibility that at 
least a part of the glvcine compound may be formed in this manner. 
Considerable light on these questions might be shed if the site of 
syntheses of these conjugated products were known. While it is 
probable that glycuronic acid is produced by the liver, there is no 
direct proof for this assumption. Much conflicting evidence has 
accumulated on the subject where hippuric acid is synthesized. 
As this problem is being investigated at present, a full discussion 
of this subject will be reserved for a later presentation. 

In studying the oxidation of phenylpropionie acid, and cinnamic 
acid, one is immediately struck by the fact that in both instances 
the conjugation of the benzoic acid, formed as the end-product, 
is quantitatively much the same as when benzoic acid itself is fed. 
It had been known even before Knoop’s work that both these 
acids yield hippuric acid. Mattschersky (15) in 1863 noted the 
increase of hippuric acid after feeding cinnamic acid to dogs, and 
in 1882 Ek. and H. salkowski (16) made the same observation 
when phenylpropionic acid was fed. But the fact that the benzoic 
acid both from cinnamic acid and phenylpropionic acid was com- 
bined mostly with glycuronic acid was apparently overlooked by 
these investigators as well as by the later workers in spite of the 
ease with which it can be detected because of its strong reducing 
properties. It is remarkable that the benzoic acid whether 
derived from cinnamiec acid, from phenylpropionie acid, or fed 
directly, should be combined with glycuronic acid and glycine in 
such constant proportions. From this, one can draw several 
conclusions. It appears quite definite that the oxidation of both 
cinnamic acid and pheny!propionic acid must occur rather 
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promptly after they enter the body, and that both must be handled 
very much alike. In fact, there are pretty good indications 
that cinnamiec acid may be an intermediary compound in the 
oxidation of phenylpropionic acid, for on feeding the latter com- 
pound, Dakin (4) actualky isolated cinnamoylglycocoll in the 
urine. Whether the cinnamie acid-glycuronic acid compound is 
similarly formed is not known, but its isolation would be signifi- 
cant since it would lend strength to the author’s theory that the 
fatty acid at some stage of its catabolism is united with a earbo- 
hydrate molecule in very much the same manner as benzoic acid 
is conjugated with glycuronic acid. It should be mentioned at this 
point that neither cinnamoylglycocoll nor any of the other 
intermediary compounds such as acetophenone and _ phenyl-é- 
oxypropionic acid which Dakin isolated were observed in this 
work. No special effort was made either to isolate these com- 
pounds or even to produce them. It must be recalled that the 
experiments of Dakin were far more drastic, for the substance 
studied was given parenterally and often in relatively large doses 
so that there was a possibility that the exidative processes of the 
organism were overwhelmed, allowing an accumulation of the 
intermediary products. It 1s doubtful whether more than mere 
traces of these compounds are excreted when phenylpropionie 
acid is given per os. In further studies on the 3 carbon acids, the 
oxidation of the possible intermediary compounds especially the 
keto and the hydroxy acids should be investigated in the same way 
as phenylpropionie acid itself was studied, since this may help to 
decide whether either cr both compounds are normally formed in 
the body. 

Phenylbutyric acid when fed undergoes exclusive 8-oxidation 
as is well brought out by Experiment 11, Table II, and the end- 
product, phenylacetic acid, is conjugated in the same ratio as 
when this acid itself is fed. Phenylisocrotonie acid (C;H;CH= 
CH CH.COOH) is handled by the organism exactly like phenyl- 
butyrie acid, and this is of real significance. In spite of the fact 
that the double bond is between the 8- and y-carbon atoms, the 
split occurs between the a and 8 position. This shows the ease 
with which the organism ean shift double bonds, and it is im- 
portant to note that the oxidation does not necessarily occur at the 
point of unsaturation. Qualitatively, Dakin (3) also observed 
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that phenylisocrotonic acid yielded only phenylaceturic acid, and 
he also noted that the various pentenie acids all yielded benzoie 
acid (hippuric acid) irrespective of the position of the double bonds. 
Clutterbuck and Raper (6) may be entirely correct in_ their 
opinion that y- and $-oxidation may occur in the body but only as 
far as the production of double bonds in the molecule. ‘There 
is no proof extant that the normal fatty acid is split at any point 
except between the a- and @-carbon atoms. The production of 
double bonds in the fatty acid molecule is easily and constantly 
effected by the organism, but it is unlikely that the fatty acid is 
split at these points of unsaturation. 

From the data obtained on the fate of the 3 and 4 carbon acids 
in the body, it ean be definitely concluded that they are oxidized 
exclusively through the 6-carbon atom. To what extent these 
results can be employed to explain the catabolism of normal fatty 
acids is difficult to state. To be sure, this research adds further 
evidence for the theory that the fatty acids are broken down 
exclusively by 8-oxidation. Whether the constant ratios obtained 
for the conjugation of benzoic acid and phenylacetic acid are of 
fundamental importance remains to be tested by further experi- 
ments. Preliminary work on phenylvaleric acid seems to show 
that the benzoic acid derived from this compound is combined in a 
different ratio from that obtained for the 3 carbon acids. It is 
obvious that these results cannot be adequately explained by our 
present knowledge concerning the syntheses which occur in the 
body. Nevertheless enough progress has been made so that the 
idea is no longer tenable that these conjugations are more or less 
unimportant mechanisms concerned solely with the detoxication 
powers of the organism. If these synthetic processes are looked 
upon as normal and common chemical reactions made manifest 
because the body is applying them to a foreign substance, it is 
possible to perceive how a study of the conjugation of benzoic acid 
may help to solve various problems of metabolism which at present 
seems quite unrelated to hippuric acid and glycuronic acid. 


The guthor wishes to thank Miss Dorothea Lemecke who 
assisted in this research, 
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SUMMARY. 


1. Benzoie acid when fed or derived from the oxidation of 
cinnamiec acid or phenylpropionic acid is conjugated in the dog 
with glycuronic acid and glycine in the ratio roughly of 3:1. 

2. Phenylacetic acid when fed or originating as the end-product 
of the oxidation of phenylisocrotonic acid or phenylbutyriec acid 
is combined with glycuronic acid and glycine in the ratio approxi- 
mately of 1:2. 

3. The sum of the two conjugated forms either of benzoic acid 
or phenylacetic acid, excreted during the first 24 hours, accounts 
for 80 per cent or more of the ingested acid. 

4. The study of the oxidation of the 3 and 4 carbon representa- 
tives of the normal phenyl-substituted aliphatic acids furnishes 
additional evidence for the theory that the fatty acids are 
broken down in the body exclusively by 8-oxidation. 
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THE EFFECT OF INSULIN ON PROTEIN METABOLISM.* 
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New York City.) 
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An increased heat production but no rise in the carbohydrate 
combustion was found in some cases in a study of the action of 
insulin on the respiratory metabolism of normal dogs under amy- 
tal anesthesia (1). This raised the question whether the increased 
metabolism was entirely at the expense of fat or due in part to a 
catabolism of protein. 


Several investigators have observed an increase in urinary nitrogen 
following the injection of insulin. Such a result was reported by Nash (2) 
from a control experiment on a phlorhizinized dog which he has interpreted 
as an increased nitrogen catabolism induced by the hypoglycemia. In 
normal fasting dogs Sokhey and Allan (3) found that the rise occurred dur- 
ing the first or second 3 hour period and was obtained at each injection 
during 13 days of fasting. A greater nitrogen excretion on the days that the 
hormone was given was reported by Labbé and Théodoresco (4) from dogs 
maintained in nitrogen equilibrium on a specific diet. In fasting rabbits 
Hawley and Murlin (5) noted a greater protein metabolism for the first 2 
hours following the administration of insulin. 


Contrary to the work of the investigators mentioned above, 
we found in some preliminary experiments that the injection of 
insulin was not always followed by an increase in urinary nitrogen. 
As it was thought that the state of nutrition of the animals might 
have an influence on this reaction, the following study was under- 
taken. Dogs were subjected to various periods of fasting prior 
to the administration of the hormone, and the nitrogen excretion 
was accurately determined from hour to hour. 


*A preliminary report appeared in Proc. Soc. Erp. Biol. and Med., 
1926, xxiv, 170. 
t Fellow in Medicine, National Research Council, 1924-26. 
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Methods. 


In the earlier experiments amytal anesthesia was used in order 
to follow the procedure of the calorimeter work on insulin (1), 
Some variation in urinary nitrogen resulted from the use of amytal. 
In some dogs there was a marked decrease in nitrogen excretion 
only during the Ist hour after amytal, in others a slightly lower 
level persisted for several hours, or there was no appreciable change. 
Therefore in the later experiments no anesthetic was employed. 


PROTOCOL 1. 
Dog 124; Experiment 39; weight 13.0 kilos. 
Urine. 
End of period. Notes. 
per hr. per hr. 
ce. ce. mg. per cent 
9.40 a.m. 42 hrs. of fasting; cathe- 
terized. 
10.40 “ 40 5 86 
11.40 “ 25 1 109 
12.55 p.m. 0.065 | 6 ec. blood drawn. 
1.05 “ 25 6 102 
1.10 “ 4 units per kilo insulin sub- 
cutaneously. 
2.10 * 25 1 127 
3.10 “ 0 6 148 Hypersensitive. 
3.20 “ 0.030 | 6 ec. blood drawn. 
4.30 “ 0 1 135 
4.20 “ 200 100 gm. sucrose ingested. 


The urine was collected in hourly periods by catheter and the 
ladder thoroughly washed five or six times with a total of about 
200 ec. of sterile water. ‘The volume of urine secreted was noted. 
To prevent a diuresis the amount of drinking water was limited 
during the hours of observation. Blood was drawn from the super- 
ficial leg veins for the Shaffer-Hartmann sugar determinations and 
the Kjeldah] method was used for total urinary nitrogen. 

Protocol 1 illustrates a typical experiment. After three or four 
preliminary control periods to establish the normal level of nitro- 
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gen excretion the insulin' was injected subcutaneously. Urine 
was then collected for three or four periods until the onset of defi- 
nite hypoglycemic symptoms when sucrose was given to restore 
the animal. ‘To demonstrate the potency of the insulin, normal 
and postinsulin blood sugars were determined in all experiments 
with the exception of a few in which the animals exhibited very 
definite convulsions. ‘The insulin dose was 4 or 5 units per kilo 
of body weight, sufficient to lower the blood sugar to about 0.05 
per cent within 2 hours after its administration. — 


EXPERIMENTAL. 


The validity of an increase or decrease in nitrogen metabolism 
following the injection of insulin depends primarily upon the ac- 
curacy with which the level of nitrogen excretion during the pre- 
insulin control period can be determined. Forty-one experiments 
have been performed on twelve mongrel female dogs varying in 
weight between 5.3 and 20 kilos, in thirty-five of which no anes- 
thetic was used. In these thirty-five experiments the control 
urines were collected for three or four consecutive hourly periods 
at various times during the day between 8.00 a.m. and 6.00 p.m. 
The individual figures are given in the tables, followed by the mean 
and its deviation. The smallest deviation from the mean is only 
+ 0.2 mg. occurring in two experiments, whereas the greatest is 
+6.6mg. The average deviation for the thirty-five experiments 
is + 2.8 mg. of nitrogen per hour. In addition to these data we 
have the results from forty-nine experiments on exercising dogs 
which will be published separately, and in which the preliminary 
control periods are the same as for the insulin experiments. For 
the most part the animals lie quietly in the metabolism cage, only 
occasionally moving about therein. The deviation of the mean 
varies from + 0.3 to + 7.6 mg., with an average for the forty- 
nine experiments of + 3.0 mg. of nitrogen. These figures indi- 
cate therefore that the average of three preliminary periods is an 
adequate index within a few mg. of the preinsulin level of nitrogen 
excretion and serves as a control basis for judging variations. 

Typical individual experiments on two of the dogs, Nos. 106 and 


1 We are indebted to Eli Lilly and Company for the insulin used in these 
experiments. 
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165, are givenin Table I. Inthe case of Dog 106, following a short 
fast of 2 days the nitrogen excretion after the insulin injection in 
the first experiment rose from a level of 132 mg. per hour to 19¢ in 
the 2nd hour; and in the second experiment from 120 to 150 in the 
Ist hour and to 179 in the 4th hour. With the longer fasting pe- 
riods of 5 and 7 davs, there was no significant increase in nitrogen 
metabolism. Similar results were found with Dog 165; namely, 
a greater output of nitrogen after 42 hours of fasting but no change 
in the rate of excretion in the last two experiments with the pos- 
sible exception of the 4th hour. 


TABLE I. 
Effect of Fasting Period on Reaction to Insulin. 
Urinary nitrogen in mg. per hr. 


| | Hrs. 
| after 
is Preliminary hrs. 
| | Notes. 
Z| 2 | 2 | | 
= | 
| kg. | days | | | | a = 
106 299.0 2 137131128 132 + 2 0127 190 152151 
368.8 2 121117, 120 + 1. 0150 167 179, 
(2418.55 107119) 104 110 + 3.5 91105118 
267.9! 7 119 100 103. 107 + 4.5 116 97 
| 
165 578.3 1. 75116116 124 119 + 2.2/136 150145 
3 69 73 + 2.2) 57 76; 76, 92 Exercised 
| | | during fast. 
467.112 103.111 108 107 £1. 8 113 119 101 132 


The data from Dog 120, Table II, confirm those of Table I. 
The first four experiments in the table all show a definite rise after 
the hormone, whereas in the last three there was little if any change. 
As might be expected there is some variation in the length of the 
fasting period necessary to produce the condition in which no 
increase in protein metabolism after insulin is encountered. It 
probably depends upon uncontrolled food factors before the fasting 
period. For example, in Experiments 23 and 44, in Table II, on 
Dog 120, the increase is definite on the 4th and 5th days of the 
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fast, while in Experiments 19 and 25 there is no significant increase 
on the 4th and 6th days of the fast. 
That the greater metabolism of nitrogenous material is not due 


TABLE Il. 
Effect of Fasting Period on Reaction to Insulin. 
Dog 120. Urinary nitrogen in mg. per hr. 


Preliminary hrs. | Hrs. after insulin. 


Notes. 
Mean an 
deviation. 1 4 


Experiment 
No 
Weight. 
Fasting 
period 
bo 
w 


6.7 | 2 (140 |138 |142 |.140 + 0.8175 135 
2 |111 | 99 | 108 + 3.4:144 112 
23,65) 4) 64) 64) 77 | 68+ 3.4:116 102 | 92 
5 | 76 | 68 | 76| 73+ 2.2) 93 | 90 /111 


6.25 4/83) 69 | 75+ 3.0) 82 | 79 | 8&3 | 92 
6.35 6 65 | 65 | 64) 65+ 0.2) 56) 71 | 64 

5 66 + 0.4) 63 | 49 | 39*, 46% Exercised dur- 
ing fast. 


or 
or) 


* Possibly some urine lost. 


TABLE III. 
Effect of Insulin on Dogs under Amytal Anesthesia. 
Urinary nitrogen in mg. per hr. 


E-xperi- | | Preliminary hrs. | Hrs. after insulin. 
Dog No.| ment Weight. Fasting 
No period. 
kg. days 


30 7 9.2 1 40 73 7 
il 8.4 7 36 71 79 79 78 59 og 
85 


186 62 | 14.9 190 | 209} 248; 208); 193 


to 


30 1 8.8 105; 109; 110) 127! 127] 125 


to the muscular exercise and hypertonicity of the insulin convulsion 
is seen from Table III. In these experiments the dogs were com- 
pletely anesthetized with amytal (isoamylethylbarbituric acid). 


| 
| 
| kg. | days | | | | | | | 
| 
| | | | | 
| | | | | | | | 
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Experiments 7 and 11 on Dog 30 (Table IIL) exhibit the same effect 
of the fasting period as is seen in Tables I and II. In both these 
experiments because of the amytal the first preliminary hour was 
low, then a level of between 70 and 75 mg. per hour was reached. 
After the short fasting period (Experiment 7) the increased nitro- 
gen output is evident, while with 7 days of fasting (Experiment 
11) there is none. ‘The other three cases in Table III merely 
emphasize the fact that this phenomenon occurs under conditions 
in which muscular movement is prevented. 

The above observations are all made on single experiments dur- 
ing separate fasting periods. In a different type of experiment 
several insulin injections were given at 4 or 5 day intervals during 
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Cuart l. The effect of insulin and of sucrose on nitrogen metabolism 
during different periods of fasting. The continuous line represents the 
urinary nitrogen in the day sample, three spaces representing 1 hour. 
A, 2nd day of fasting; B, 6th day of nitrogen fasting; C, 11th day of nitrogen 
fasting. The dotted line represents data of the night samples, the length 
of the periods not being represented. 


a period of continuous nitrogen fasting. The results from Dog 
124 are illustrated in Chart 1. In each instance sucrose was given 
3 or 4 hours after the insulin to relieve the hypoglycemia, thus 
the animal was nitrogen-fasted for the entire period but carbohy- 
drate-fasted for only 4 or 5 days at atime. With each injection of 
the hormone, nitrogen excretion was increased, although not to 
such a great extent on the 11th as on the 2nd or 6th day. The 
characteristic nitrogen-sparing action of the carbohydrate is seen 
in the decrease from the preliminary level of 107 mg. per hour on 
the 2nd day to 66 on the 3rd day and similarly from 111 to 75 on 
the 6th and 7th days. In a later experiment on Dog I24 in which 
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no food is taken for 14 days insulin produces no increase in the 
urinary nitrogen. Similar results were obtained from Dog 123 
over a period of 16 days. 


DISCUSSION. 


The data presented above to the effect that in dogs on short 
fasting periods the injection of insulin produces a rise in nitrogen 
output are in agreement with the work of previous investigators. 
We believe the evidence favors the idea that this increase repre- 
sents the product of a definite metabolic reaction and not merely 
a washing out of accumulated inert nitrogenous material. The 
measurements of the volume of urine seereted show that there is 
no diuresis accompanying the increase in urinary nitrogen but 
that on the contrary a very constant volume of urine is secreted 
throughout the experiments. If sugar is given with the insulin, 
there is no extra nitrogen excretion according to the work of Sok- 
hey and Allan (3) which is confirmed by one of our experiments. 
It does not seem likely that the presence of carbohydrate would 
prevent a mere flushing out of nitrogen. When the dogs were 
exercised (6), the results in respect to extra nitrogen excretion 
are similar to these obtained with insulin. The experiments in 
which the dogs were anesthetized (Table III) demonstrate that 
the increase in nitrogen cannot be ascribed to the muscular move- 
ments or hypertonicity preceding convulsions. Hence it seems 
probable that these reactions can be attributed to actual metabolic 
changes. | 

It has not previously been reported that a condition may be 
produced in which the injection of insulin causes no change in 
nitrogen excretion. ‘This result was obtained only if the animals 
were in a lean condition from a prolonged fast or if they were 
exercised on the treadmill during the fasting period. ‘This is taken 
to indicate that the source of the extra nitrogen in the urine is 
depleted as the fast proceeds. When carbohydrate was given at 
4 or 5 day intervals to the otherwise fasting animal there was a 
definite sparing action on the fasting nitrogen level. As the in- 
crease from insulin was obtained up to the 11th day there is prob- 
ably a sparing action also on the source of the extra nitrogen. 

Macleod (7) suggests that in the presence of insufficient carbo- 
hydrate, insulin causes the formation of sugar from protein. If 
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tissue protein entered into such a reaction one would expect the 
extra nitrogen output to become increasingly greater as the fast 
with its accompanying depletion of carbohydrate stores proceeds. 
Our data show the contrary to occur and indicate that we are 
dealing here with a store of reserve nitrogenous material or perhaps 
deposit protein. This substance is spared by carbohydrate, is 
used probably to form sugar when the demand is sufficient as dur- 
ing insulin hypoglycemia or muscular work, and is exhausted in 
longer fasting periods. It seems possible therefore that insulin 
through its hypoglycemic reaction may stimulate a catabolism of 
nitrogenous material. 
SUMMARY. 


The urinary nitrogen has been determined for three or more 
preliminary control hours in 84 experiments. The average devia- 
tion from the mean is only + 2.9 mg. of nitrogen per hour. The 
hourly nitrogen values range from 28 mg., as the lowest, to 224 
mg., as the highest, with 109 mg. as the average. 

After short fasting periods of 2 to 4 days the injection of insulin 
produces a rise in the output of nitrogen in the urine. 

Following longer fasting periods no appreciable change in nitro- 
gen excretion is caused by the hormone. 

Carbohydrate ingested at intervals during an otherwise fasting 
period exerts a nitrogen-sparing action. Under these conditions 
the period of the nitrogen fasting, during which insulin will cause 
an increased output of nitrogen, is prolonged. 

A discussion is given of the interpretation that there is a pre 
store which is utilized during heavy demands for carbohydrate 
and which becomes exhausted after periods of prolonged fasting. 
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MUSCULAR EXERCISE AND NITROGEN METABOLISM OF 
DOGS.* 
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Extensive experimental studies concerning the influence of 
muscle activity on protein metabolism have produced many con- 
troversial conclusions since the first paper in 1855. It seems 
probable that in the large mass of conflicting data on this subject! 
the importance of certain factors has been overlooked. Some of 
the earlier work was done on fasting animals, in which case the 
urinary nitrogen is all derived from protein previously accumu- 
lated in the body and thus it might vary according to the diet 
prior to the experiment. Many investigators have maintained 
individuals on definite diets and compared the 24 hour nitrogen 
excretion of working and resting days. In such experiments the 
total output of nitrogen may represent catabolism of some pre- 
viously stored protein as well as of that ingested. It is an undis- 
puted fact that protein may be utilized for energy (the ‘“‘dynamic 
quota” of Rubner). Unless provision is made for the excess 
caloric requirement on the work days it seems doubtful if experi- 
ments in which food is ingested throw light on the question of 
whether an increase in protein metabolism comes from a ‘“‘wear 
and tear’’ destruction of the muscle due to contraction or repre- 
sents merely fuel for energy. 


* Preliminary reports appeared in Proc. Soc. Exp. Biol. and Med., 1926, 
xxiv, 170; Am. J. Phystol., 1927, 1xxxi, 469. 

+ Fellow in Medicine, National Research Council, 1924-26, during the 
first part of the experimental work. 

1A complete bibliography of this literature prior to 1925 has been care- 
fully reviewed by Cathcart, E. P., Physiol. Rev., 1925, v, 225. The more 


recent references are given by Cathcart and Burnett (1) and by Mitchell + 


and Kruger (2). 
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It was shown by Anderson and Lusk (3) that on the 13th day of | 
fasting their dog has a non-protein respiratory quotient of about | 
0.71 during a 9 mile run, indicating that the work was done entirely ) 
at the expense of fat. Unfortunately, the urinary nitrogen could | 
not be accurately followed. In some recent experiments on insu- ) 
lin by the authors (4) it was found that early in fasting an increased : 
metabolism of nitrogenous material was stimulated by the injection 
of the hormone but after longer fasting periods it had no effect on 


PROTOCOL 1. 
Dog 124; Experiment 58; weight 12.6 kilos; 3rd day of fast. 


End of period. | H2O ingested. 
( 


Exercise. Urine. 
Time. Amount. N per hr. 
a.m. cc. min, kg. m. ce. mg. 
9.50 
10.50 0 123 
11.50 0 1 114 
p.m. 
12.50 0 1 116 
1.42 0 2 115 
2.22 30 23,410 ] 
2.33 0 2 153 ‘ 
3.16 30 22,990 I 
3.28 60 2 156 ' 
4.05 30 22,770 
4.15 0 1 179 
5.05 40 2 181 : 
5.50 40 1 184 
the nitrogen output. In view of the above results it was thought ( 
that the state of nutrition of the animal might be an important 
factor in influencing protein metabolism during exercise. Onthis | | 


basis the experiments here reported were planned. 


Methods. 


A moderate, steady exercise was obtained by running the 
animals on a horizontal treadmill driven by a motor at a constant 
rate of 4 miles per hour. Mongrel female dogs, of a quiet disposi- 
tion, weighing from 10 to 20 kilos were selected for the experiments 


=~ 
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and were readily trained to run within a few days. The urine was 
collected by catheter for each experimental period as described 
previously (4). The details of a typical experiment are shown in 
Protocol 1. After three or four control periods of rest in the 
metabolism cage, the dog was exercised for three 30 minute runs 
with 15 minute intervals between the work bouts to allow for 
catheterization and rest. Postwork observations were also made 
for about 2 hours. The amount of ingested water was limited to 
prevent a diuresis and the urine volume was noted. Protocol 1 
does not apply to some of the later experiments. When it was 
found that the nitrogen during exercise and also the resting level 
changed gradually and regularly from day to day, it was consid- 
ered unnecessary to divide the control and working periods into 
three sections each. Thus, without changing the total length 
of the periods, the catheterizations were reduced to three, one 
following a 3 hour preliminary rest, one after the three exercise 
bouts, and one for the postwork excretion about 2 hours thereafter. 
Total nitrogen in the urine was determined by the Kjeldahl method 
and all the nitrogen figures are expressed in terms of mg. per hour. 
In the charts the dotted line represents the nitrogen level of the 
night urine, and for each day the first horizontal line shows the 
average of the preliminary control hours, the second horizontal 
level gives the height of the average for the three work periods, 
and the third horizontal line is the postwork nitrogen level. 

Work is reported in terms of kg. meters, calculated as follows: 
Work in kg. meters = body weight X distance run (meters) 
X 0.58 kg. meters. 

Anderson and Lusk (3) found that an average of 0.58 kg. meters 
of energy was required per kilo of body weight to move the dog 
1 meter horizontally. Inasmuch as our earlier experiments were 
performed on their treadmill, the factor is applicable. 


EXPERIMENTAL. 


The main experimental data were obtained from six dogs during 
eleven different fasting periods which varied from 7 to 37 days. 
As it was noted in the insulin experiments (4) the basis for 
calculating changes in nitrogen excretion depends upon the accu- 
racy with which a preliminary control level can be established. 

In the thirty-five control periods obtained from the aforemen- 
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tioned work, the deviation from the mean of three or four deter- 
minations averaged + 2.8 mg. of nitrogen per hour. Confirming 
these results there are forty-nine control experiments from the 
data on exercise in this paper. They are divided into two groups, 
the fasting experiments and those in which sugar was ingested 
within 24 hours previously. In the former group of twenty-four 
cases the average deviation was + 3.8 mg. of nitrogen whereas 
in the latter group the average was + 2.2 mg. Thus, carbohy- 


TABLE I. 
Effect of Exercise on Nitrogen Excretion during Fasting. 
Dog 124, Experiment 58. 


Total N per hr. in urine. 
| Work. 
| Prework hrs. Work hrs. | — 
| 
| =z | | 
| ka. | mg. | mg. | mg. | mq. mg.| mg.| mg.| mg.| mg.\ my. min. | kg.m. 
13.1 | 124 108 107 1138 + 4.3142'128 125 132 124/114/120; 90 74,490 
12.6 102) 123 114 116 115 118 + 1.8153 156 179 162 181'184'183) 90 69,170 
2.5 |135 139. 132 127 116 128 + 3.5154 185 195 180) 171,192 180 90 68,500 
4 125116116 144 135 130 + 5.9/148 163/143 146 161/172,166, 90 68,000 


114121117 126 120 + 2 0,131 140 132'184)135 140 136 90 65, 630 
12.1 | 96, 92 107 101 92 98 + 3.0122 120124122132) 132) 90 67,320 
11.95 95106115 91 97 102 + 4.1109 122) 79/101/100 101 101) 90 |68, 100 
11.8 | 85) 111 114127 117 + 3.7/122/110 100 110 110/115 112 
10 11.7 84 94113 $2 97 + 3.3 63) 89 97 84) 96 97, 90 64,000 
79 | 

12 11.5 35 43 49, 40 + 2.8 41) 43) 45) 43) 52) 48, 50) 90 |61,480 


ore to 
bo bo 


* 480 gm. sucrose per os. 


drate exhibits a stabilizing effect on the hour to hour nitrogen 
excretion as well as a nitrogen-sparing action. Many of the 
individual figures from which these averages are derived are given 
in the tables. 


Experiments on Fasting Dogs. 


In the first experiments the dogs were exercised every day 
during the fasting period beginning on the 2nd day after the last 
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food ingestion. ‘The results of a typical experiment on Dog 124 
are shown in Table I. On the 2nd day of fasting the averages for 
the preliminary, exercise, and postwork periods show a small 
increase in protein metabolism only during the work, but on the 
succeeding days the increased excretion of nitrogen during exercise 
is unmistakable and is carried on into the postwork period. The 
height of the extra nitrogen output is reached on the 3rd and 4th 
days of fasting and then gradually declines until on the Sth, 9th, 


NITROGEN 


DOG 123 


160 
500 GMS. 
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DAYS 2 3 4 5 9 10 13 15 16 18 


Cuart l. Effect of exercise and fasting on the total nitrogen per hour 
excreted inthe urine. In the charts the dotted line represents the nitrogen 
level of the night urine, and for each day the first horizontal line shows 
the average of the preliminary control hours, the second horizontal level 
gives the height of the average for the three work periods, and the third 
horizontal line is the postwork nitrogen level. 


and 10th days the averages for the work period are the same or 
less than for the control hours. 

Similar results on another dog (No. 123) are illustrated by 
Chart 1. In this case an hour of rest separated the individual 
exercise periods on the Sth, 9th, and 10th days of fasting. Con- 
trary to Dog 124 (Table I), during the first bout of work the in- 
crease was rarely present but appeared in the rest period following 
or during the second run on the treadmill. It was not until the 
Ith and 16th days of fasting that this dog accomplished the 
exercise without extra nitrogen excretion. 
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The point at which the extra nitrogen metabolism was exhausted 
shows a wide variation. For example, in one experiment on Dog 
124, running 6 miles produced no increase in nitrogen output on 
the 6th day, whereas in the observations on Dog 3, shown in Chart 
2, this condition was not reached by the 28th day of fasting. 
On the days noted on the chart the usual amount of work was 
done, 90 minutes of running on the treadmill. The actual work 
in kg. meters diminished slightly each day with the decrease in 
body weight of the animal from 85,600 kg. meters on the 2nd day 


250 


DAYS 2 3 5 7 3 iH 4 16 18 ra) 23 25 


Cuart 2. Effect of exercise and fasting on the total nitrogen per hour 
excreted in the urine. 


of fasting to 65,000 on the 28th day. The increase in nitrogen 
was most marked on the 3rd day, rising from a control level of 
181 mg. per hour to 290 during the work and 277 for 3 hours after 
the exercise. The extra nitrogen gradually fell until the 26th 
day at which time the control, work, and postwork figures were 
69, 84, and 71 mg. respectively. The significance of the slight 
increase on the last 2 days is discussed later in connection with the 
other experiments on this dog. 

A different type of reaction is exhibited by Dog 2 which exercised 
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on the treadmill every 2nd or 3rd day, as indicated in Table II, 
and ran a total of 102 miles during an uninterrupted fast of 37 
days. As is noted in Table II, on the 7th day there was fresh 
blood in the postwork urine which most likely came from an injury 
of the bladder sphincter. As the blood appeared again at the 


TABLE II. 
Effect of Exercise on Nitrogen Excretion during Fasting. 
Dog 2, Experiment 5. 


Total N per hr. in urine. 
Day of fast. Body weight. 
Night period. Prework. Work. | Postwork 
kg. my. mq. mi. | my. 
2 15.40 206 157 162 
3 14.95 128 134 135 187 
5 14.55 123 124 138 140 
6 14.25 104 
7 14.25 97 104 103 129* 
13.90 91 118* 168* 
12 13.55 80 92 SO 56 
13 13.35 70 
14 13.30 68 96 89 92 
15 13.12 62 
16 13.07 61 90 80 56 
18 12.85 62 
19 12.75 70 91 78 82 
21 12.47 67 82 66 76 
23 12.35 58 89 66 114 
26 12.03 57 84 75 89 
28 11.85 5d 81 60 89 
31 11.48 54 81 65 82 
34 11.25 54 81 T 68 
35 11.22 52 56 45 66 
37 11.05 46 84 62 79 


* Blood in urine from bladder injury. 
+ Urinated while running. 


second and third catheterizations on the 9th day, the dog was 
allowed to rest undisturbed until the 12th day. This eliminated 
the difficulty. Probably after the 7th day, certainly by the 12th 
day, the exercise was accomplished without extra nitrogen excre- 
tion. In fact from the 12th to the 37th day there was a constant 
although small decrease during the work period. 
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Experiments on Effect of Carbohydrate. 


With the exception that carbohydrate in the form of sucrose was 
administered at various times to the otherwise fasting animals 
these experiments are essentially identical with the foregoing ones. 
In four tests on three different dogs the sugar was given during the 
early days of the fast. Under these conditions the typical 
protein-sparing action is evident in both the resting and exercising 
metabolism. This is illustrated in Table III in the results from 
Dog 127 when sucrose was ingested daily for 7 days and the 
exercise followed for 3 days longer. The effect on the resting 
metabolism is seen in the urines of the prework and of the night 
periods which cover the time from the last postwork sample of 1 
day until the Ist control hour of the following morning. The 
night and prework nitrogen level during the first 8 days (Table IIT) 
was definitely lower than on the 9th and 10th days. The extra 
nitrogen excretion during exercise also was spared by the carbo- 
hydrate. In Table III a slight increase in nitrogen is found in the 
postwork urines on the 3rd, 5th, and 6th days. This is attributed 
to an exhaustion of the ingested carbohydrate as the amount given 
in this experiment was insufficient to maintain the body weight. 
Other tests show no significant increase in the postwork nitrogen 
when larger amounts of sucrose were taken. 

If carbohydrate is ingested at the end of a fast and work experi- 
ment, the nitrogen-sparing activity is evident at this time also. 
On the 11th day, after the exercise on the 8th, 9th, and 10th days 
had produced no extra nitrogen (Table I), Dog 124 ingested a 
total of 480 gm. of sucrose between 11.00 a.m. and 5.15 p.m. 
The resting nitrogen excretion on the following morning was 
reduced to one-half of that on the 10th day. The averages for 
prework, work, and postwork urines are practically the same 
(Table I). In a similar experiment on Dog 123 the results are in 
accord with this. On the 18th day of fasting (Chart 1) 500 gm. 
of sucrose were retained. The figures for the individual hours on 
the 19th day are exceptionally constant, being 49, 47, and 50 mg. 
per hour for the preliminary period, 48, 50, and 48 mg. for the 
3 work hours, and 53 mg. after the exercise. 

Several interesting points are found in the experiment on Dog 
3 given in Chart 3. The nitrogen-sparing reaction during the 
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first 4 days is more convincingly demonstrated because on the 
subsequent fasting days exercise did produce a marked increase. 
The condition in which work causes no extra nitrogen metabolism 
was not attained, in this respect agreeing with the previous experi- 
ment on the same dog (Chart 1), for after the 11th day each suc- 
ceeding run on the treadmill increased the extra nitrogen in the 
work and postwork urines. There was a loss in body weight from 
14.80 to 11.45 kilos during the 18 days of fasting. The dog was 
then fed for 30 days on an artificial diet of definite nitrogen content 


SUCROSE 
IACISTED 
Grs. 200 200 200 
ROGEW 
200 | | 006 3 


160 


DAYS 2 3 6 8 9 i 13 16 i8 


80 


Cuarr3. Action of carbohydrate on the total urinary nitrogen per hour 
during exercise. 


made from meat residue, sucrose, lard, butter, bone ash, and salts 
according to the proportions of Diet IV of Cowgill, Deuel, and 
Smith (5). Vitamin B was supplied in tomato juice and Vitavose. 
The total nitrogen intake for 30 days was 339 gm., the output in 
urine and feces was 292 gm., leaving a positive nitrogen balance 
of 47 gm. During this time the body weight increased from 11.49 
to 13.40 kilos. In the following 2 days of fasting the total nitrogen 
elimination was 22 gm., leaving a positive balance of 25 gm. at the 
time the exercise experiment given in Table IV was started. 
From the table it is seen that the exercise produced a large increase 
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in nitrogen metabolism which did not diminish during the sueceed- 
ing days but remained nearly constant for the first 4 days. On 
the 5th day 200 gm. of sucrose were given at 5.00 p.m. and 100 gm. 
at 10.30 p.m. ‘The nitrogen-sparing action was only partial, for a 
comparison of the 6th day with the 4th shows that the prework 
levels are the same although there was decidedly less increase in 
the exercise and postwork periods. However the carbohydrate did 
not entirely prevent the increase of the work level over the control 
as was the case at the beginning of the experiments on this dog 
(Chart 3, 2nd, 3rd, and 4th days). ‘To insure a supply of available 


TABLE IV. 
Effect of Sucrose on Nitrogen Excretion. 
Dog 3, Experiment 2. | 


Total N per hr. in urine. 
D Body 3 Amount Weal 
| weight. al of work. 
= 
kg. mg. mq. mg. mq. kg. m. 
1 12.80 130 | 172 | 171 | 69,700 | 0 
2 12.55 | 109 | 97 | 167 | 120 | 67,500 | 0 
3 12.40 | 94); 73) 164 | 153 | 67,000 | 0 
4 | 12.25] 81 77 | 173 | 163 | 67,900 | O 
5 | 12.10} 89 300 gm. sucrose. 
6 12.20; 105; 77, 94; 96) 69,000 | 0 
7 | 11.85) 85 100 gm. sucrose at 10 p.m. 
8 | 11.55} 83| 75) 108} 91 | 64,100} 50 “ 10.30'a.m. 


carbohydrate at the time of exercise 100 gm. of sucrose were 
ingested at 10.00 p.m. on the 7th day and 50 gm. at 10.30 the next 
morning. Immediately after the sugar was taken the nitrogen 
excretion for the three rest periods was 77, 72, and 75 mg. per hour 
and then for the three exercise periods was 107, 108, and 111 mg. 
per hour. The averages are 75 and 108 respectively, making an 
increase of 44 per cent. It seems evident therefore that under 
these conditions carbohydrate was unable to spare completely the 
protein catabolism during work. 
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DISCUSSION. 


Our data indicate that the nitrogen excretion during exercise 
ean be correlated with the state of nutrition of the animal. In 
this respect two conditions are outstanding. First, work caused 
an increased nitrogen output in every case in the early part of 
the fasting experiments. Second, the same amount of work could 
be accomplished without any increase in urinary nitrogen after a 
longer period of fasting and exercising, or after the ingestion of 
sufficient carbohydrate. 

Several of the experiments are suggestive of the significance of 
this extra nitrogen excretion from muscular exercise. A large in- 
crease such as was found in Dog 3, Chart 2, and Dog 123, Chart 1, 
is not unprecedented in fasting dogs. Frentzel (6) in 1897 
published data from a dog which ran on a treadmill on the 3rd, 
4th, and 5th days of fasting. His results are shown in the follow- 
ing tabular matter. 


Day of fast. Nitrogen per hour. 
Work. Rest. 
gm. gm. 
1 0.154 
2 0.166 
3 0.368 0.183 
4 0.275 0.196 
5 0.240 0.233 
6 0.211 


He made no note of the fact that the exercise nitrogen per hour 
diminished each day, probably because this was overshadowed by 
the increase in the postwork periods. His dog performed about 4 
times the amount of work each day that ours did. 

In our experiments no nitrogenous food was given throughout 
the time that the exercise was being observed, therefore the 
complicating factor of exogenous origin is eliminated. The data 
seem to favor the interpretation that the extra nitrogen is a true 
product of metabolism and not merely the result of a flushing out 
process of accumulated inert nitrogenous material on account of 
the increased blood flow accompanying the exercise. In so far as 
could be observed, the physical differences between rest and work 
were present to the same degree on the 10th as on the 4th day of 
exercise (Table I); nevertheless, the extra nitrogen excretion 
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amounted to 0 and 41 per cent respectively. The fact that the 
extra nitrogen can be replaced by carbohydrate (Chart 3) is 
additional evidence for its metabolic origin. In this respect also 
the results from injecting insulin should be cited (4). It was 
found that insulin caused an increase in nitrogen excretion early 
in the fasting period but did not do so after a prolonged fast or if 
sugar was given with the insulin. Thus a similar reaction of 
extra nitrogen is produced by two separate sources, muscular work 
and the injection of insulin. 

All the experiments with the exception of two, which were on 
the same dog, show that the extra nitrogen is exhausted after a 
time, therefore indicating that it may come from the catabolism 
of a nitrogen store or deposit protein and not from the muscle tissue 
itself. The recent investigations of Catheart and Burnett (1) 
show that the extra nitrogen which they obtained was mainly 
urea nitrogen as no significant changes in creatinine or uric acid 
nitrogen were found. The sulfur:nitrogen ratio of the eztra 
nitrogen and sulfur was about 1:27 for three of the diets and was 
similar to that for muscle tissue, 7.e. 1:14, only when meat was 
taken. Thus their findings suggest that the extra nitrogen 
may come from a source other than the muscle tissue. Mitchell 
and Kruger (2) also report no increase in creatinine excretion in 
exercising rats which are fed on an adequate diet. 

Attention should be directed in this connection to the data 
in Chart 3 and Table IV from the dog that showed toward the end 
of the experiments an increase instead of a decrease in extra nitro- 
gen. Carbohydrate could completely replace the extra nitrogen 
early in the fasting period but at the end of the experiment was 
unable to do so, or to cause the usual decrease in the resting 
nitrogen level. The lean condition of the dog may help to explain 
this exceptional reaction. Prior to the experiment an attempt was 
made to keep the dog on a synthetic food but as it ate only 470 
gm. in 7 days the diet was changed. After 4 days of an abundant 
ration containing a surplus of meat, the experiment shown in Chart 
3 was conducted. It is thought that the increase in extra nitrogen 
after the 11th day may represent a demand upon tissue protein due 
to the depletion of body fat as the dog was extremely emaciated. 
During the succeeding period of feeding, the 25 gm. of nitrogen 
retained are about equal to the total excretion between the 10th 
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and 18th days. Over the same periods of time the loss and sub- 
sequent gain in body weight are equal, thus it seems doubtful 
whether the dog was able to store much fat during the feeding 
period. Hence the high and undiminishing extra nitrogen excretion 
for the first 4 days shown in Table IV probably represents some 
tissue protein catabolism also. The nitrogen-sparing action of sugar 
was not complete at this time (Table IV) as it was at the beginning 
of the experiment (Chart 3), suggesting a difference in the source 
of the extra nitrogen in these two instances. In another experi- 
ment on this dog (Chart 2) the initial body weight was higher, 
15.0 kilos. In this case the extra protein supply was much 
larger, lasting for 26 days, during which time the body weight fell 
to 11.67 kilos, then a slight rise in exercising nitrogen was en- 
countered similar to that in Chart 3. 

The extra nitrogen from work appears to be spared by body fat 
if we compare the results from Dog 3, Chart 2, with those from Dog 
2, Table II, although not to the same extent as by carbohydrate. 
The former, a lean dog, produced extra nitrogen for 28 days, 
whereas the latter, a very fat one, exercised from the 12th to the 
37th day without extra protein catabolism. This is in agreement 
with the early work of von Voit (7) on the difference in results 
from young, lean dogs, and old, fat ones. 

In 1908 Lusk (8) exercised a phlorhizinized dog on the 3rd day 
of diabetes and the 6th day of fasting. On the preceding day the 
dog ran for 900 meters and then shivered for 3 hours at 10°. The 
exercise results follow: 


2 Hour Urine Samples. 


Period. Dextrose. Nitrogen. D:N 

gm. gm. 


If the figures for the first exercise period are compared with the 
following rest hours, it is seen that the work produced an extra 
excretion of 0.75 gm. of dextrose and 0.10 gm. of nitrogen. The 
ratio of this extra D and N is 7.50 or twice the ratio of tissue 
protein or of ingested meat. The second bout of work had no 
significant effect on either the nitrogen or sugar excreted. 
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From the above considerations it is thought that the extra nitro- 
gen eliminated on exercise comes from the catabolism of a nitrogen 
store available for energy. This nitrogen store can be fully re- 
placed by carbohydrate, be called forth when the demand for carbo- 
hydrate in the body is increased as it is in exercise or insulin 
hypoglycemia, and be exhausted by prolonged fasting and exercise. 

The second condition noted above, namely that muscular exer- 
cise can be accomplished without an increase in urinary nitrogen, 
is probably the more important one. Much emphasis was placed 
in the early discussions on the possibility of the increase appearing 
on the following day. There is no evidence in our data that such 
occurs. On the 138th and 15th days in Table II the night urine 
containing the complete 24 hour sample following an exercise day 
is lower in nitrogen instead of higher than the work urine. In the 
fasting experiments, Dog 2 (Table II) exercised on 11 different 
days between the 12th and 37th days of fasting without any 
increase in urinary nitrogen. The same applies to Dog 124 
(Table I) on the 8th, 9th, and 10th days and to Dog 123 (Chart 1) 
on the 15th and 16th days. In addition to this we have observed 
eleven similar results on four other dogs. When sufficient sugar 
was given, the work was accomplished without extra nitrogen 
metabolism. Eighteen trials on five different dogs substantiate 
this conclusion. Disregarding interorganic changes in nitroge- 
nous substances within the body, concerning which urinary de- 
terminations will show nothing, these data are in favor of the 
conclusion that moderate muscular work can be performed without 
a destruction of tissue protein. 


SUMMARY. 


The effect of muscular work on the total urinary nitrogen 
excretion has been studied in dogs that were exercised moderately 
on a horizontal treadmill. 

In the prework control periods the average deviation from the 
mean of three or four determinations is + 2.9 mg. of nitrogen per 
hour on the basis of 84 experiments. The range of the means is 
from 28 + 1.8 to 224 + 6.3 mg. per hour, hence the average 
of 3 or 4 resting hours establishes a nitrogen level with an average 
accuracy of about 3 per cent. 
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An increase in nitrogen metabolism of as much as 50 to 100 
per cent is produced by work on the 3rd or 4th day of fasting. 
This is prolonged into the postwork period. 

The extra nitrogen from work can be completely spared by 
carbohydrate. It gradually disappears as the fast is continued. 

These data and similar results following the injection of insulin 
suggest that the extra nitrogen may come from an exhaustible 
reserve rather than from tissue protein. 

Muscular work in the dog can be accomplished without any 
increase in protein metabolism in so far as it is possible to deter- 
mine from the excretion of urinary nitrogen. 
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STUDIES ON LIPOCHROMES. 


Ill. THE QUANTITATIVE ESTIMATION OF CAROTIN IN BLOOD 
AND TISSUES. 


By CHARLES L. CONNOR. 
(From the Department of Pathology, Harvard Medical School, Boston.) 
(Received for publication, March 26, 1928.) 


It has now been well established that carotin, one of the lipochrome series 
of pigments, is almost constantly present in the blood. Van den Bergh 
and Snapper (1), in 1913, distinguished the lipochrome of cattle serum from 
bilirubin, and showed that the pigment in the skin in the ‘‘xanthosis di- 
abetica’’ of Von Noorden (2) was associated with a similar pigment in the 
blood plasma. Palmer (3) described the lipochrome of horse serum, and 
identified it as the carotin ingested with the food. Palmer and Eckles (4) 
also showed carotin to be the lipochrome of cow fat, milk, and blood, and 
found this same substance to be the natural yellow pigment of human milk. 
Another lipochrome, xanthophyll, was found by Palmer and Kempster (5) 
to be the principal pigment of chicken skin, blood, and egg yolk, and 
Palmer (6) has found both carotin and xanthophyll in human blood. Will- 
stitter and Escher (7) identified the pigment of the corpus luteum of cattle 
as carotin, and Van den Bergh, Muller, and Broekmeyer (8) have extracted 
these pigments from human blood and tissues, and from the organs of 
various animals. 

Carotinemia has been known since Van den Bergh and Snapper’s paper, 
but Hess and Myers (9), in 1919, first applied that name to the condition 
in which an excess of lipochrome appeared in the blood as a direct result of a 
high vegetable diet. Umber (10) noted the same condition in 1916, and 
Birger and Reinhart (11), and Salomon (12) showed the pigment to be of 
exogenous origin. A large number of cases were reported in Germany, 
in 1919, occurring in diabetics, in children under asylum conditions, or in 
adults upon the semistarvation diet during the war (13). Head and 
Johnson (14) have reported a single case of carotinemia in a diabetic, and 
Stoner (15), recently, another. Hashimoto (16) reported thirty-five cases 
in Japanese upon a heavy squash diet, and quoted Paelz as recording similar 
cases in 1896 under the term ‘‘aurantiasis cutis.”’ 

Palmer and Kempster showed that xanthophyll disappeared from the 
blood, skin, and egg yolk of chickens when fed a xanthophyll-free diet, and 
in the recorded cases of carotinemia the condition has disappeared upon 
change of diet to one containing less green and yellow vegetables. Dolly 
and Guthrie (17) found that certain nerve cells of chickens did not contain 
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lipochrome when none was present in the diet, and that, on the contrary, 
the pigment did appear in nerve cells when a lipochrome-rich diet was fed. 
It seems to be well established, therefore, also, that the lipochrome present 
in the animal body has been derived from the vegetable content of the food. 
It is noteworthy, however, that all cases recorded in which there has been 
an excess of pigment in the skin and blood have been among diabetics, or 
children or adults upon an otherwise deficient diet. It is also noteworthy 
that many diabetics have a yellowish coloration of the skin even when, 
by the use of insulin, they are not upon an excessively high vegetable 
diet (18). 

Van den Bergh found that the carotin in the blood could not be directly 
extracted with petroleum ether, though the pigment is readily soluble in 
this substance. Palmer showed that the pigment is closely bound to the 
protein of the blood, and upon fractional precipitation it was found to come 
down with the euglobulin. It could be released from this union by the 
addition of 95 per cent alcohol to the plasma, after which it was easily 
extracted by lipoid solvents. Put in a few cases of diabetes Palmer found 
that such a union did not exist; the carotin could be extracted directly with 
petroleum ether. 

Willstitter and Stoll (19) proposed a test for carotin using 0.2 per cent 
potassium dichromate as a standard against carotin dissolved in petroleum 
ether. This standard is equal to a 5 X 1075 molar solution of carotin 
equivalent to a 0.00268 per cent solution. This is not strictly quantitative, 
however, as they found 101 mm. of potassium dichromate solution in the 
colorimeter to equal 100 mm. of carotin solution, 41 mm. to equal 50 mm. of 
carotin, and 19 mm. to equal 25 mm. of carotin. This standard was used 
for the determination of the carotin content of leaves in which the pigment 
is relatively abundant. Palmer adapted this to the estimation of carotin 
in blood by treating the serum with an equal amount of 95 per cent alcohol, 
mixing with plaster of Paris, then adding petroleum ether. The method is 
useful for large amounts of blood, but cannot be used very well with the 
small amounts available in the clinical laboratory. Van den Bergh, Muller, 
and Broekmeyer used 1 to2 ce. of serum, addea an equal amount of alcohol, 
then extracted with petroleum ether. They used s/; per cent solution of 
potassium dichromate as a standard. They also estimated the amount 
of carotin and xanthophyll in the organs of various animals, but they donot 
record their method for the extraction of the latter. 


While studying the reaction of animals when injected or fed 
upon carotin it became necessary to determine the carotin content 
of the blood and organs of these animals (20). I was, at the same 
time, attempting to distinguish the various pigments present in 
human organs (heart muscle, seminal vesicles, etc.) by histological 
methods, and as a check, a chemical examination of these organs 
was desirable. The carotin content of such tissues promised to 
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be exceedingly minute, and, as a consequence, an investigation of 
the standard used by Willstiitter and Stoll seemed necessary. 

It was first found that progressive dilution of the standard 
potassium dichromate solution did not equal an equivalent dilu- 
tion of carotin. When the concentration was very low, a 0.2 per 
cent solution would no longer be accurate. So a series of tests 
was made with carotin freshly prepared according to a method 
previously described. The resultant carotin in petroleum ether 
showed typical absorption bands in the spectroscope. A solution 
containing 2.68 mg. per cent was made and compared with 0.2 
per cent potassium dichromate solution. This was found to equal 
103 per cent of the calculated amount from Willstétter and Stoll’s 
figures. From this solution the range of colors with carotin in 


TABLE I]. 


Relation of Carotin to Different Concentrations of Potassium Dichromate 
Solution, at 30 Mm. Depth, in the Colorimeter. 


Potassium dichromate solution. Carotin solution. 
per cent per cent 
0.4 0.00462 
0.2 () 00268 
Q.1 0.09119 
0.05 00052 
0.04 00933 
- 0.025 0. 09016 
0.02 0 090010 


various concentrations was determined as shown in Table I. It 
was found that the 0.02 per cent solution was the most generally 
useful. 


Methods of Procedure and Results. 


It was found (in about 60 per cent of the cases) that 2 ce. of 
blood serum would yield a visible pigment when extracted with 
petroleum ether after treatment with alcohol. In the other 40 per 
cent the pigment was either absent or present in an amount in- 
sufficient to measure. The use of whole blood reduced the pro- 
portion about half, and reduced also the yield per 100 cc., when 
present at all in measurable amount. It was found that 3 ce. of 
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plasma were the least amount which could be depended upon to 
yield a measurable amount of pigment. The test is simple: 3 
ec. of 95 per cent alcohol are added to 3 ce. of plasma in_a test-tube, 
the mixture shaken, and allowed to settle until solid. If excess 
alcohol rises to the top it may be poured off. 4 ec. of petroleum 
ether are added, the tube corked immediately, and shaken vigor- 
ously for a minute. It is allowed to settle until the petroleum 
ether rises to the top. This is poured into the colorimeter cup, 
calculated as 4 ec., and compared with 0.04 per cent or 0.02 per 
cent potassium dichromate solution equalling, respectively, 0.0003 
per cent and 0.0001 per cent of carotin. 

For the estimation of the pigment content of organs a much 
different procedure is necessary. Macerating the tissue in 95 per 
cent alcohol then extracting the crushed material, alcohol included, 
in a continuous Soxhlet extractor is effective but time-consuming. 
It was found that a quantitative extraction could be obtained by 
the following method. The weighed organ was placed in an ex- 
eess of 20 per cent KOH solution in 70 per cent alcohol, and boiled 
until dissolved. The solution was then mixed with enough CaSO, 
to take up the water, and direct extraction with petroleum ether 
performed. The extract was washed with several portions of 85 
per cent alcohol until no more color could be removed. The pe- 
troleum ether fraction was considered to be carotin, and the alco- 
hol to contain xanthophyll, if present. The aleohol was mixed 
with ether (diethyl ether) after the method of Willstétter and 
Stoll, and the alcohol washed out with distilled water. The xan- 
thophyll was thus transferred to the ether, and the pigment which 
remained in the alcohol-water fraction, if any, was discarded. The 
petroleum ether solution was made up to a definite amount and 
compared in the colorimeter against potassium dichromate solu- 
tion. The xanthophyll was not determined quantitatively as it 
was present in extremely small amounts or not at all in all tissues 
examined except chicken fat. The results of these determinations 
and of blood under various conditions are as follows: 


Blood.—Thirty-six specimens obtained from the Massachusetts State 
Wassermann laboratory, condition of patients unknown; serum: 0.02 to 
0.11 mg. percent. None present in twelve specimens. 

Three specimens from normal adults; plasma: 0.04, 0.07 mg. per cent, 


and none. 
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Eighteen specimens from diabetics under the care of Dr. E. P. Joslin;! 
plasma: 0.05 to 0.16 mg. per cent. Three specimens contained too little 
to measure. 

One specimen of normal plasma: 0.05 mg. per cent; plasma 2 hours after 
ingestion of 50 mg. of carotin in olive oil: 0.08 mg. per cent; 4 hours after 
ingestion of carotin: 0.04 mg. per cent. 


Van den Bergh, Muller, and Broekmeyer found 0.4 to 1.34 mg. 
per cent in normal blood, and 0.45 to 1.9 mg. per cent in diabetic 
blood. 


Organs.—Heart muscle freed from fat and blood: (1) From a 44 year 
old woman; very faint trace of carotin; (2) from a 79 year old man; heart 
weight, 280 gm.; no carotin; (3) from an 81 year old man; heart weight, 
340 gm.; no carotin; (4) from a 3 month old infant; heart weight, 21 
gm.; no carotin. Adrenals, from eight adults, various ages; carotin 4.25 
to 15.6 mg. per cent. Adrenals, from a 3 month old infant; no carotin. 
Liver from four adults, various ages; carotin 1.0 to 6.0 mg. per cent. Liver 
from 3 month old infant; no earotin. Spleen from four adults; carotin, a 
trace to 2.1 mg. per cent. Spleen from infant; no ecarotin. Fat from an 
obese elderly woman; carotin 7.5 mg. per cent. Seminal vesicles from 
three adults, two quite old; no carotin. Testicle from 79 year old man; 
no carotin. Corpus luteum from a surgical specimen; carotin 4.1 mg. 
per cent; also contained an alcohol-soluble pigment, possibly xanthophyll. 

Guinea Pig Tissues.—Heart, spleen, testes, blood of a normal animal; 
nocarotin. Adrenal from anormal animal; carotin0.4mg. percent. Liver 
from a normal animal; carotin, a trace. Blood, bile, and urine from an 
animal 5 hours after feeding carotin in olive oil; no trace of carotin. Blood 
and urine after the intraperitoneal injection of about 300 mg. of carotin; 
no trace of pigment. Blood, spleen, kidneys, testes, adrenals of an animal 
which had been on a carotin-free diet; no carotin. Feces of a guinea pig 
which had been on a synthetic diet for about 3 vears, receiving 5 cc. of 
orange juice a day; carotin 0.01 mg. per cent. (A sample of orange juice 
contained 0.04 mg. per cent of petroleum ether-soluble material, calculated 
as carotin, and 0.14 mg. per cent of alcohol-soluble pigment, calculated as 
xanthophyll.) Feces cf a normal guinea pig on a carrot diet; carotin 7.0 
mg. per cent. 

Other Tissues.—Normal rabbit: fat, blood, spleen, testes, none; liver, a 
trace; adrenals, from two animals; 0.2 and 0.3 mg. per cent. Pork fat, 
mutton fat, beef fat, none. Chicken fat contained considerable yellow 
pigment which was soluble in 85 per cent alcohol and was therefore con- 
sidered to be xanthophyll. 


1 Secured through the courtesy of Miss Hazel M. Hunt, Head of the Clini- 
cal Laboratory, Deaconess Hospital, Boston. 
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DISCUSSION. 


It is generally asserted by text-books of pathology (MacCallum, 
Karsner, Wells) and in the literature on the subject (review by 
Oberndorfer (21)) that lipochromes are present in the adrenal cor- 
tex, corpus luteum, seminal vesicles, testes and epididymi, sympa- 
thetic ganglion cells, nerve cells of the central nervous system, liver, 
heart, muscle of the intestine, pigmented cells of the pineal body, 
‘kidney, spleen, fat, skin, sebaceous glands, perineural and _peri- 
vascular sheaths. Most of the work supporting these reports has 
been based upon histological methods, and has been dependent 
upon the assumption that all pigments which are associated with 
fats, as determined by staining methods, are lipochromes. I 
have shown previously (22) that most of the methods heretofore 
used for the differentiation of these pigments cannot be depended 


upon; that, in fact, lipochrome does not stain with fat stains, 


and that other crystalline pigments may adsorb some of the fat 
stains on their surfaces, and so give the appearance of having been 
stained. 

Most of the tissues enumerated above are present in the body 
in so small amount that they are not amenable to chemical analysis. 
But liver, heart, spleen, adrenal, fat, corpus luteum, and seminal 
vesicle tissues were obtained in comparative abundance. Of 
these only the adrenals, liver, and corpus luteum showed definite 
measurable amounts of lipochrome. The seminal vesicles, which 
in all instances contained a generous amount of brownish pig- 
ment, contained no carotin or xanthophyll, and likewise two 
hearts, both fairly typical examples of the condition known as 
brown atrophy, were negative. The amount of pigment found in 
the spleen was in no greater amount than could be expected to be 
present in the contained blood. 

The results with normal blood show that this pigment is not 
present in measurable amount at all times. Here it may be 
explained that the figures given by Van den Bergh are not at great 
variance with those recorded above. This writer probably used 
3; per cent potassium dichromate solution to equal approximately 
0.2 of Willstitter and Stoll’s standard 0.00268 per cent carotin 
solution, or 0.0005 per cent, whereas I have shown that a 0.04 
per cent solution of potassium dichromate equals not 0.0005 per 
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cent but 0.0003 per cent carotin. My figures, therefore, with use 
of a standard about half as strong as Van den Bergh used equal 
about half of his calculated results. It is quite possible, however, 
that more vegetables, and therefore more carotin, are eaten by the 
average person in Holland than in this country. It is shown that 
the carotin content of the blood rises slightly after the ingestion 
of carotin in olive oil. 

The diabetic blood shows slightly but consistently higher figures 
than normal blood. Many of these cases were upon what may 
be regarded as essentially normal diets. In a few cases there was 
also a moderate lipemia, and it is possible that these two conditions, 
lipemia and hypercarotinemia, may be associated. It remains to 
be determined, however, how constant such an association may be. 


SUMMARY AND CONCLUSIONS. 


A method, essentially a modification of that used by Van den 
Bergh, Muller, and Broekmeyer, is proposed for the quantitative 
estimation of carotin in small amounts of blood. A similar 
method is devised for the estimation of carotin and xanthophyll in 
organs and tissues. Various concentrations of potassium dichro- 
mate were tested against known amounts of carotin for the pur- 
pose of securing accurate standards for comparison when extremely 
small amounts of pigment were present in blood or tissues. By the 
application of these methods it was found that carotin is frequently 
but not constantly present in normal blood; that it rises slightly 
in amount after the ingestion of carotin in olive oil; and that it is 
present in siightly greater amounts than usual in diabetic blood, 
sometimes associated in these cases with a lipemia. 

Lipochromes are constantly present in the adrenals of adults, 
but not present in these or other organs of infants; they are present 
also in the corpus luteum, liver, and fat, but were not found in 
recognizable quantities in other organs except the spleen. The 
amount found in this last organ could be accounted for by that 
present in the contained blood. The seminal vesicles and heart, 
in all cases well colored, did not contain pigments demonstrable 
by the methods used. The adrenal glands of rabbits and guinea 
pigs contain the greatest amount of lipochrome in these animals; 
next to these organs the liver contains the most. There is no caro- 
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tin present in the blood of these animals even after the omeng or 
injection of comparatively large amounts. 
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On the assumption that all sulfur and nitrogen present in the 
urine are derived from protein metabolism, it is to be expected that 
there would be a close parallelism between the excretion of the 
two, and, furthermore, that the two would be in the same pro- 
portion as in the protein undergoing catabolism. In fact, von 
Wendt (15) expressed the view that no true picture of protein 
metabolism could be obtained unless the excretion of both nitrogen 
and sulfur in the urine was followed simultaneously. Together 
with a number of other investigators, he assumed that the sulfur- 
containing moiety of the protein molecule is more labile than the 
sulfure-free fraction, in order to account for the variations in the 
N:S ratio observed in feeding experiments. 

During fasting, when all protein metabolism is endogenous, the 
N:S ratio, at least theoretically, would be the same as that of the 
protein catabolized. The ratios actually noted in several careful 
investigations on fasting humans (1, 3, 9, 13) indicate that during 
fasts ranging from a few days to 31 days the average N:S quotient 
varies between 15 and 17. Considering that for muscle tissue, 
which during inanition is drawn upon extensively, the N:S ratio 
is 13.3, this consistent discrepancy suggests that the higher 
urinary ratio may be due to the fact that other tissue proteins 
with a lower sulfur content are also being metabolized. It seemed 
desirable to study the changes in the urinary N:S ratio during 
prolonged fasting with the view in mind of possibly deriving a clue 
as to the nature of the tissue protein predominantly catabolized 
at different stages. Furthermore, the urinary sulfur, like urinary 
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nitrogen, appears in a variety of forms which can be grouped in 
three fractions, as the salts of sulfuric acid, and as organic com- 
binations of sulfuric acid, in both of which the sulfur is completely 
oxidized, and finally as neutral or unoxidized sulfur. The latter 
fraction, of course, is made up of a variety of sulfur-containing 
substances. With the exception of Cathcart’s work on a short 
fast with a human subject, the partition of sulfur during prolonged 
fasting has not been undertaken. The behavior of this last frac- 
tion, the unoxidized sulfur, during fasting presents further interest 
in that it may be a measure of the oxidative process during 
inanition. 
EXPERIMENTAL. 


Procedure. 


The dogs were kept in metabolism cages. The animals were 
thoroughly washed and cleaned before being put into the cages. 
The urine was taken daily with a catheter and was rarely voided 
directly in the cage. At the closing of each period the bladder 
was irrigated so that every trace of urine belonging to each period 
was utilized. The dogs drank distilled water. 

The nitrogen was determined by the Kjeldahl method. The 
sulfates were determined by Fiske’s benzidine method except in 
the case of Dog 2, where the determinations were made by Folin’s 
procedure of precipitation with BaCle. The urines were preserved 
with a 10 per cent thymol solutionin chloroform. This is an excel- 
lent preservative for urine and repeated pH determinations have 
shown that its reaction remained unchanged over a long period 
of time, so that no bacterial action has taken place. 

In the experiments with Dogs 6, 7, 9, 10, and 11, the same food 
was used during the preliminary and refeeding periods. We 
employed a modification of the Cowgill diet (4), fresh meat being 
used as a source of protein. We have not been successful with 
either casein or meat residue as recommended by Cowgill, the 
animals refusing to take this food over any length of time. We 
have used beef heart from which the elastic and fatty tissue had 
been carefully trimmed away. The meat was ground finely and 
washed overnight in running water to remove the blood. ‘The 
washed meat was then squeezed dry ina press. Weighed amounts 
of the meat packed into solid cakes were wrapped in waxed paper 
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and stored in a metal can placed in the brine of the University 
refrigerating plant. The meat was thus frozen solidly and pre- 
served for use in a number of experiments. Samples of the beef 
heart supply thus prepared were analyzed for moisture, nitrogen, 
and sulfur, the latter being determined in the dry residue. For 
the sulfur determination a weighed amount of the dry meat powder 
was dissolved in nitric acid, evaporated to dryness, and the residue 
treated with Benedict’s sulfur reagent. The sulfur was deter- 
mined by both the benzidine and the BaCl, methods. <A part of 
the beef heart supply contained 2.85 per cent N and 0.132 per 
cent 8; in another batch we found 2.86 per cent N and 0.139 per 
cent S of the fresh material. This gives an N:S ratio in the food 
of 21.6 and 20.6 respectively. Our results for sulfur are lower 
than those obtained by Lewis in his analysis of beef heart (0.191 
per cent S). In a study of the mineral composition of various 
organs! the total sulfur content of heart is given as 0.154 per cent, 
with 0.032 per cent in the form of sulfate (SO,). This would 
leave 0.143 per cent S probably of protein origin, a value not far 
removed from the sulfur content of the beef heart supply used in 
our experiments. Inasmuch as the beef heart was thoroughly 
washed in running water, it is probable that it had lost practically 
all of its sulfate, hence, the relatively low sulfur content of the 
material as compared with that analyzed by Lewis (11). 

We have no analysis of the food which was used in experiments 
with Dogs 2 and 5, and the dietary as far as the protein supply is 
concerned was not as uniform as in the case of the other dogs. 
This, however, will be discussed in detail in conjunction with the 
description of each metabolic experiment. 


Results. 


Dog 2 (Table I) fasted 36 days and lost 33.6 per cent in weight. 
During the preliminary period it was fed the regular Cowgill 


1Unfortunately I am unable to find the exact reference to the paper 
from which these data were taken. I have copied the table giving the 
Na, K, Ca, Fe, Mg, Cl, total P, PO,, total S, and SO, of the blood, heart, 
liver, kidney, spleen, brain, andlungs. The bibliographic card attached to 
this table became separated and lost, and at the time I discovered this my 
recollection of the original source became so dim that I was no longer able 
to return to it in spite of strenuous efforts on my part. 
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food mixture containing “meat residue.’”’ On the basis of analysis 
of meat residue as reported by Fay and Mendel (7) the dog con- 
sumed during the preliminary period 34.9 gm. of nitrogen and 
2.21 gm. of sulfur. The urinary excretion for the same period was 
28.0 gm. of N and 0.947 gm. of S, giving a N:S ratio of 29.6. 
Obviously, there had been a retention of sulfur which was respon- 
sible for this high N:S ratio. With the progress of the fast the 
N:S ratio gradually diminishes, dropping to 19.8 in the first 
fasting period and remaining practically constant (16.6) during the 
last three or four periods. Assuming that the sulfur retained 
during the preliminary period was eliminated in the course of the 
fast, the average urinary N:S ratio for the entire experiment would 
increase from 17.6 to 25.5, but even the lower value for the N:S 
ratio indicates that more nitrogen than sulfur is being catabolized 
during the fast than would be expected if both were derived 
exclusively from muscle protein. 

The changes in sulfur partition are interesting. ‘The inorganic 
sulfates during the preliminary period constituted practically 
78 per cent of the total, but during the fast the ethereal sulfates 
in this animal attain an unusually high value and this is partly 
responsible for the diminution of the inorganic fraction which, 
however, maintains itself fairly constant at about 63 per cent of 
the total S. The neutral sulfur fraction shows a considerable 
rise immediately upon the commencement of fasting but dimin- 
ishes during subsequent fasting periods. It remains then more 
or less constant throughout the fast. 

Dog 5 (Table II) refused to eat the regular Cowgill mixture and 
it was necessary to supply protein in the form of fresh meat. 
The food contained 12.08 gm. of N per day but unfortunately no 
actual analysis was made for sulfur. From available analyses of 
meat, however, this may be estimated at 0.21 per cent 8, giving a 
N:S ratio in the food of 14.4. During the preliminary period there 


has been considerable retention of sulfur, quite out of proportion — 


to the possibly small positive N balance in the urine. This mani- 
fests itself in the high N:S quotient which is 22.6 for the pre- 
liminary period. 

The dog fasted 24 days without water, losing weight rather 
rapidly, so that 34 per cent of the body weight was lost by the end 
of the experiment. The urinary N:S ratios during the fast are 
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very high, increasing gradually through the first four periods but 
diminishing in the remaining two periods. These high ratios 
indicate that the dog eliminates relatively too much nitrogen 
which cannot be attributed to a retention of sulfur when one takes 
into consideration the long period of time over which this experi- 
ment extended. The high N:S ratio seems to be a metabolic 
peculiarity of this dog, becoming even more accentuated during the 
refeeding periods. We have already mentioned that we could not 
induce this dog to take Cowgill’s synthetic diet and on breaking 
the fast it was found necessary to feed the mixture made up in 


TABLE I, 
Dog 2, female collie; 13.05 kilos. 


Per cent of total S. 
Period Su ong ong 
(21S ta al 
days |per cent) gm. gm, mg. | mg. | mg. 
Preliminary. 28.000.947| 29.6 42) 168) 77.9) 4.4) 17.7 
Fasting. 
1 4 | —6.813.52:0.701) 19.8) 452) 63 64.5) 9.0) 26.5 
4 17.5) 397; 102; 136, 62.6, 16.0) 21.4 
3 4 |—15.7| 8.47\0.453; 18.7) 299; 61) 94) 65.9) 13.5) 20.6 
4 4 —19.4)10.080.545) 18.5) 340) 8&3 122) 62.4) 15.2} 22.4 
5 4 |—22.2) 7.79'0.451 17.3) 72) 105; 60.8) 16.0) 23.2 
6 4 |—25.5) 7.500.438) 17.1) 308; 33 7 70.1) 7.6) 22.3 
7 4 |—28.2! 7.230.432) 16.7, 216, 93) 123) 49.9) 21.5) 28.6 
4 —30.7 6.600.408) 16.2; 264) 57; 87, 64.6) 14.2) 21.2 
4 —33.6 6.500.396 16.4) 247, 70) 79 62.4 17.6) 20.0 


milk, After the first refeeding period, however, the dog ate 
willingly the straight Cowgill mixture with casein as a source of 
nitrogen. On the basis of Fay and Mendel’s results, we assume 
a N:S ratio of 16.3 for casein. The nitrogen and sulfur intake 
during the first refeeding period has been estimated on the basis of 
this available analysis. From this we find that about 10 gm. of 
N were retained during that period. The nitrogen intake during 
succeeding refeeding periods was increased and there was a corre- 
spondingly greater N balance at successive periods. But even 
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allowing 5 per cent loss of the total nitrogen intake in the feces, 
the nitrogen retention during 11 days of refeeding is still in the 
ratio of 6.5:1 to the retained sulfur. In other words, much more 
sulfur had been retained than would be necessary for the synthesis 


of new tissue protein. 


We find likewise that the N:S ratio in the 
urine during refeeding is unusually high (35.3 to 57.9), thus further 
corroborating the excessive sulfur retention. 
long to justify the assumption that this very high N:5S ratio in 


The period is too 


the urine is due to lag in the sulfur excretion. ‘Taking the average 
TABLE II, 
Dog 5, female collie; 19.0 kilos. 
S. Per cent of total S. 
ae | a 85 | 2 
A | o 
days |per cent| gm, gm. mg. | mg. | mg. 
Preliminary. | 4 43 .95)1.940) 22.6)1645 84.8 
Fasting. 
1 4 | —8.518.38/0.704) 26.1) 605 86.0 
2 4 28.0) 475 82.5 
3 4 }—19.1/15.58/0.550) 28.3) 446) 81.1 
4 4 |—24.1/16.660.514| 32.3) 392 76.2 
5 4 |—28.9)15.06,0.550) 27.4) 414 75.3} 
6 4 |—34.0)13.16)0.574) 23.0} 407 70.9 
Refeeding. | 
1 4 |+21.633.94'0.963) 35.3) 660 68.5 
2 4 |+23.9'35.900.620) 57.9; 451 72.7 
3 3 46.9} 670 82.3 


daily elimination of 0.145 gm. of S during 24 days of fasting as the 
basal sulfur metabolism of this dog, there was only 50 per cent 
increase during the 11 days of refeeding, or actually 0.218 gm. of 
S, whereas the daily intake was on the average about 0.873 gm. 
We observed, therefore, in this dog a sparing of the sulfur during 
fasting and a greedy retention during a period of intensive ana- 
bolism. 

Unfortunately the sulfur partition in the urine was not carried 
out completely, only the total S and the inorganic sulfate having 
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been determined. It will be noted that the inorganic sulfate in 
this dog constitutes a very large part of the total sulfur eliminated, 
about 85 per cent. This fraction diminished during the course of 
the fast, especially during the second half, to about 71 per cent. 
During refeeding there is an obvious tendency to rise, the inorganic 
sulfate rapidly increasing to 82.3 per cent on the 9th to 11th refeed- 
ing day, which is practically the same proportion which has been 
found in the prefasting period. 


TABLE III. 
Dog 7, female collie; 16.08 kilos. 
S. | Per cent of total S. 
i 3 
days |per cent) gm. gm, mg. | mg. | mg. 
Preliminary. 
1 3 32.85,2.136, 15.4'1603) 237) 296) 75.0) 11.1) 13.9 
2 4 49.10.2.868) 17.1/2214) 280, 374; 77.2) 9.8 13.0 
Fasting. 
1 3 | —5.511.790.660) 17.9) 600 20 40 90.1) 3.3) 6.6 
2 3 | —9.810.53.0.680) 15.5) 542! 97) 41, 79.7) 14.3) 6.0 
3 4 18.4, 608) 46) 53 86.0 6.5 7.5 
4 4 17.9| 627, 53 42; 86.8) 7.3 5.9 
4 —24.412.23'0.672) 18.2) 541. 60 71 80.5 8.9 10.6 
6 4 —28.811.340.561) 20.2) 488 54 19 87.0 9.6) 3.4 
7 4 |—32.811.660.584 19.2 502) 34) 48) 86.0 5.8) 8.2 
4 —37.711.65'0.541) 21.5, 464 37) 40 85.6 6.9) 7.4 
4) 3d —40.4 4.320.344 12.5 271) 38 35 78.8 11.1) 10.1 


Dog 7 (Table III) was fed a diet in which both N and 8 were 
directly determined by analysis and were found to be in a ratio of 
21.6:1. During the preliminary period which lasted 7 days, the 
dog had a small positive nitrogen balance, or was actually in 
nitrogen equilibrium, when proper allowance is made for the 
nitrogen lost in the feces. Nevertheless, there was a definite 
loss of sulfur, the excretion of S in the urine exceeding the intake 
for 7 days by 0.630 gm. The N:S ratio in the urine is low (16.3). 
The dog fasted 33 days without water until it had sustained a loss 
of over 40 per cent in weight. The N:S ratio changes very little 
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during the first half of the fast but in the last half it shows a 
tendency to increase somewhat. 

The sulfur partition in the urine presents certain interesting 
points. About 76 per cent of the sulfur was eliminated in the form 
of inorganic sulfates during the preliminary period but this frac- 
tion immediately increased to much higher values with the be- 
ginning of the fast and the average for the entire fasting experi- 
ment was 84.5 per cent of the total S. This rise in the inorganic 
sulfate fraction is partly due to a diminution of the ethereal 
sulfate but more particularly of the neutral sulfur fraction. 

This animal showed signs of ailment during the seventh fasting 
period; towards the end of the eighth period it was definitely 
sick and died during the 4th day of the ninth fasting period. 
The urine for the last few days showed the presence of albumin 
in increasing amounts. The condition was diagnosed by Dr. 
OQ. F. Reihart as distemper. During this last fasting period 
the nitrogen excretion was much more affected than that of the 
sulfur, resulting in an unusually low N:S ratio. It is worth 
noting that in spite of this severe infection during the last few 
days of the experiment the urinary sulfur partition had not been 
much altered except during the last 3 days when the dog became 
markedly toxemic. During these last days the ethereal and 
neutral sulfur have both increased but not beyond the original 
level found in the prefasting period. 

Dog 11 (Table IV) had been practically in nitrogen equilibrium 
during the preliminary periods (7 days) but like Dog 7 the sulfur 
excretion exceeded the intake by 0.812 or 0.116 gm. per day. 
The average N:S ratio in the urine was 17.5, whereas that of the 
food consumed was 21.6. During the entire fast lasting 37 days, 
during which the dog lost 31.2 per cent in weight, the urinary N:5 
ratio varied within narrow limits. The average ratio was 18.3, 
which is not materially different from the ratio during the pre- 
fasting periods. In the subsequent 12 days of refeeding about 5 
gm. more of sulfur were retained than was enough to make good all 
the sulfur lost during the fast and to provide for the basal sulfur 
metabolism. Thisis especially striking when we consider that the 
nitrogen retention was hardly sufficient to cover 40 per cent of the 
nitrogen lost during the fast. The urinary N:S ratio was 
greater (20) than during either the preliminary or the fasting 
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periods, showing a remarkable degree of stability in this animal. 
If all the N and § retained during the three refeeding periods had 
been utilized in protein synthesis, the new protein would contain 
more than twice the usual proportion of sulfur. 

The sulfur partition in the urine reveals a high proportion of 
inorganic sulfate (75.5 per cent) and a low ethereal sulfate (3.5 
per cent). In the course of the fast the ethereal sulfate fraction 


TABLE IV. 


Dog 11, female mongrel; 20.0 kilos. 


Ss. Per cent of total S. 
i 2 = ont 
218 | 2 
days | per cent; gm, ‘gm. mg. | mg. | mg 
Preliminary. 
1 4 39.862.535) 15.7:1923) 102) 510) 75.9} 3.9) 20.2 
2 3 29.52)1.527) 19.3,1131) 47, 349) 74.1) 3.1) 22.8 
Fasting. 
1 4| —5.618.600.998 18.6) 58) 260) 68.2) 5.8) 26.0 
2 19.2} 538) 72) 142, 71.5) 9.6) 18.9 
3 4 |—12.6)12.31/0.723) 17.0 476 69| 178) 65.8) 9.5, 24.7 
4 4 18.3) 382) 55) 163) 63.8 
5 4 |—18.010.32/0.555) 18.6) 410; 60 85) 73.9} 10.8) 15.3 
6 4 |—22.0; 9.840.530, 18.5) 362) 34 134 68.3) 6.4) 25.3 
7 4 19.7) 383) 58 68) 75.3) 11.4) 13.3 
‘8 4 |—29.5, 9.82'0.541) 18.2) 409, 49 83 75.6) 9.0) 15.4 
9 4 |—31.2| 9.340.559! 16.7; 376, 56 127 67.3) 10.0 22.7 
Refeeding. 
1 4, +4.828.69'1.368) 20.9' 960, 42) 364, 70.1| 3.3 26.6 
2 4 +13.8)34.48 1.814) 19.0:1340 0 474 73.8 O 26.2 
3 4 +22 .2/44.242.086) 20.3 1445 42 599 69.3, 2.0) 28.7 


increases up to 11.4 per cent, while the inorganic sulfates and the 
neutral sulfur undergo irregular but not seemingly significant 
changes. The point of special interest, however, is the sharp 
drop in the ethereal sulfates during refeeding, although the food 
intake, at any rate during the last two refeeding periods, was about 
30 per cent more than inthe preliminary. Inspite of this increase 
in the digestive activity the ethereal sulfate fraction was quickly 
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reduced to the prefasting proportion. The neutral sulfur fraction 
was increased. 

Dog 6 (Table V) had a positive nitrogen and sulfur balance 
during the preliminary periods, and the two were retained 
practically in the same ratio (20.9) as was found in the diet (21.6). 
During the first 10 days of fasting the urinary N:S ratio increased 
very markedly (average 31.5), indicating a retention of sulfur, but 
during the remaining part of the fast the ratio remained prac- 
tically as during the preliminary period. 

The fast was followed by two refeeding periods of 3 days each, 
during which the dog retained only 0.47 gm. of sulfur or about 
12 per cent of the amount lost for the entire fast. The nitrogen 
retention was relatively twice as great, and more than 20 per cent 
of the nitrogen lost wasthusmadeup. The situation is, therefore, 
exactly the reverse of what was found in Dog 11. The urinary 
N:S ratio during the refeeding periods diminished somewhat. 
Had all the nitrogen and sulfur retained been utilized in the 
synthesis of tissue protein this new protein would have about one- 
third as much sulfur as usual. 

The sulfur partition in the urine of this dog reveals the singular 
fact that the inorganic sulfate fraction is unusually low, being only 
about 50 per cent of the total sulfur eliminated, whereas the 
unoxidized sulfur fraction is exceptionally high (43 per cent). 
In the course of the fast certain changes in the sulfur partition 
occur with striking regularity. The ethereal sulfates remain 
constant at first, then increase to about double the proportion, and 
diminish very greatly during the last two periods. On refeeding, 
this fraction remains still as low as it was toward the end of the 
inanition experiment. The neutral sulfur fraction diminished 
very abruptly as soon as the dog commenced to fast, but gradually 
began to rise again and increased from 11.4 per cent in the first 
fasting period, to 37.3 per cent of the total sulfur, in the last 
period. ‘The inorganic sulfate fraction, on the contrary, rising 
suddenly to almost 83 per cent of the total sulfur excretion at the 
beginning of the inanition decreases gradually and remains 
practically constant at about 60 per cent. The changes in both 
fractions, the inorganic and neutral sulfur, are thus definitely 
reciprocal. The more remarkable fact, however, is the rapidity 
with which the peculiar sulfur partition in the urine of this dog 
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is reestablished when it is fed again. The inorganic sulfates 
undergo a marked diminution and form again 50 per cent of the 
total S, while the neutral sulfur sharply increases and by the end of 
6 days of refeeding is nearly at the original level noted in the 
prefasting period. This readjustment in the sulfur partition 
suggests strongly that we are dealing with a metabolic condition 
peculiar to this dog. 


TABLE V. 
Dog 6, female Boston terrier; 13.03 kilos. 
Ss. Per cent of total S. 
days |per cent} gm. | gm. mg. | mg. | mg. 
Preliminary. 
1 2 18.76:0.918 20.4 458) 63 | 397; 49.9) 6.9) 43.2 
2 4 38 .28'1.660, 23.0) 852) 99 | 709; 51.3) 6.0) 42.7 
Fasting. 
1 3 | —7.1)10.91'0.323) 33.8) 267) 19 37; 82.6, 6.0) 11.4 
2 3 |—12.510.53/0.373) 28.2; 289) 25 59| 77.6 15.8 
3 4 |—17.3)13.26,0.407| 32.6) 258 27 122) 63.5) 6.6 29.9 
4 4 |—21.011.57/0.486) 23.8) 315, 40 | 131) 64.8 8.2) 27.0 
5 4* 
6 4 21.3) 297) 42 | 156) 8.5) 31.5 
7 4 20.1! 293) 60 | 159) 52.2; 11.7; 36.1 
8 4 |—34.4/10.18/0.469} 21.7) 285) 18 | 166 60.7) 3.8 35.5 
9 4 |—37.6) 9.650.491) 19.7; 302) 6 | 183) 61.6) 1.1 37.3 
Refeeding. 
1 3 18.3 519) 43 | 768) 39.0) 3.3) 57.7 
2 3 |+18.7\24.48)1.323) 18.5, 665) 22 636) 50.2; 1.8) 48.0 


* Attack of cystitis; urine for this period discarded. 


Dog 10 (Table VI) had been losing daily 0.054 gm. of sulfur 
during the preliminary period, although there was probably a 
small positive nitrogen balance at the same time. The urinary 
N:S ratio. was practically 16, which is considerably lower than 
that in the food (21.6). In the course of a long fast lasting 36 
days there has been very little variation in this ratio, which was on 
the average for the entire inanition experiment 15.3. During the 
subsequent 12 days of refeeding the N:S ratio increased to 20.8 
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(average), which is in good agreement with the N:S ratio of the 
diet (20.6). The nitrogen and sulfur during the refeeding periods 
were retained in about the same proportion, about 43 per cent of 
the loss in sulfur and 54 per cent in nitrogen having been repaired. 
The sulfur partition in the urine presents certain interesting 
points. The inorganic sulfate fraction is 69 per cent (average) 
and the neutral sulfur fraction is relatively large (30.4 per cent), 


TABLE VI. 
Dog 10, female Boston terrier; 15.7 kilos. 
Ss. Per cent of total S. 
days per cent, gm. gm. mg. | mg. | mg. 
Preliminary. 
1 4 29.51/1.795; 16.4/1163) 3) 629) 64.8 0.2) 35.0 
2 3 (20.88 1.345) 15.5; 986) 12) 347) 73.2} 1.0 25.8 
Tasting. 
1 4, —5.315.32.0.958) 16.0) 707) 75 176) 73.8 7.8 18.3 
2 —9.310.900.688) 15.8) 505) 64) 119) 73.4) 9.3 17.3 
3 4 |—12.2) 9.740.666) 14.6) 498) 52 116, 74.8 7.8 17.4 
4 4 |—15.2) 8.970.624) 14.4) 459; 71) 94 73.6) 11.3 15.1 
5 4 |—18.410.1110.628) 16.1) 496) 58) 74) 79.0) 9.2) 11.8 
6 4 |—22.0' 7.200.487! 14.8) 407; 18) 62; 83.5) 3.8 12.7 
7 4 |—28.4) 8.700.425) 20.5; 321) 34 70) 75.5) 8.0 16.5 
4 |—32.0) 7.460.509! 14.7) 26) 89 77.4) 5.1) 138.5 
g 4 |—35.0) 8.340.572) 14.6) 408) 24) 140) 71.3 4.2) 24.5 
Refeeding. 
1 4 | +9.417.600.833) 21.1) 618; 60) 55) 74.2) 7.2) 18.6 
2 4 +18.024.73 1.288 19.2)1028) 320, 79.9) O | 20.1 
3 4 +24.9 29.00 1.306 22.2) 892) 106) 308] 68.4) 8.1) 23.5 
while the ethereal sulfates are very low (0.6 per cent). With the 


onset of inanition there is a sudden very marked increase in the 
ethereal sulfate fraction (both absolute and relative) with a 
tendency, however, to diminution in the advanced periods of the 
fast. The series of changes is not unlike that observed in Dog 6 


except that in the latter during the preliminary period the ethereal 
sulfate fraction was larger. 


The neutral sulfur fraction diminishes 
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gradually during the inanition except for a big increase occurring 
in the last fasting period, while the inorganic sulfate fraction 
increases up to about the middle of the fast and then diminishes 
again. ‘The average proportion of this fraction is 75.8 per cent 
of the total sulfur excretion. On refeeding the neutral sulfur 
tends to increase and the inorganic sulfate to decrease, approach- 
ing the prefasting level. The ethereal sulfate fraction for the 
three refeeding periods is neither absolutely nor relatively greater 
than during the inanition experiment though considerably larger 
than in the preliminary period. The behavior of the neutral 


TABLE VII. 
Dog 9, female bulldog; 16.4 kilos. 
Ss. -| Per cent of total S. 
> | «2 cis 2 4 
days \per cent! gm. gm. mg. | mg. | mg. 
Preliminary. 
1 4 48.00 2.660 18.02018 32 | 610 75.9) 1.2 | 22.9 
2 4 54.402.920 18.6:2370 68 | 482 81.2 2.3 | 16.5 
lasting. 
1 3 | —5.7)12.980.972| 13.4 674 O | 298 69.4 0 30.6 
2 4 |—11.8/16.13 1.100) 14.7) 794 20 | 286) 72.2) 1.8 | 26.0 
3 4 |—18.0'17.60)1.202) 14.7; 945) O | 257 78.5 21.5 
4 4 |—23.2/21.051.156, 18.2) 960) 5 | 191) 83.0, 0.5 | 16.5 
5 4 |}—29.3/21.201.183) 17.9) 936, 38 | 209 79.0 3.3 | 17.7 
6 3 |—33.2 13.560. 808 16.8 584, 66 | 158 72.3 8.2 19.5 


sulfur fraction in Dogs 6 and 10 would be difficult to interpret on 
the assumption that it rises and falls with the changes in intestinal 
putrefaction, being much larger during the inanition experiment 
than during the prefasting or refeeding periods in spite of the 
large amounts of food then consumed. 

Dog 9 (Table VII) had a urinary N:S ratio of 18.3 during the 
preliminary period. The N:S ratio of the food was 21.6. With 
the commencement of the fast the urinary N:S ratio dropped to 
about 14 (13.4 to 14.7) but increased to practically the prefasting 
value in the remaining three experimental periods (17.6). The 
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last part of the experiment, however, is complicated by the cir- 
cumstance that the dog developed distemper. For the last 
week the dog ran a high temperature, showed increasing amounts 
of albumin in the urine, and died before the 6th fasting period was 
completed. 

A study of the urinary sulfur partition shows a remarkably 
low ethereal sulfate which during the fast becomes even smaller 
and in some periods disappears entirely. Only in the last period 
when the dog’s condition was really very critical did the ethereal 
sulfate fraction increase appreciably. In this respect the results 
are similar to those noted in Dog 7 which also died from distemper. 
The inorganic sulfate fraction which was rather large (78.5 per 
cent) during the preliminary period diminished at first whenthe 
dog began to fast, but increased gradually, and then during the 
last two fasting periods declined again. The changes in the 
neutral sulfur are practically reciprocal to those in the inorganic 
sulfate. 


DISCUSSION AND SUMMARY. 


From a survey of the results of the experimental study it is 
obvious that in dogs on a fairly uniform diet the urinary N:S 
ratio varies within wide limits (16.1 to 29.7). During protracted 
fasting the variations in the N:S ratio likewise range from 15.3 
to 27.5, and, with the exception of Dog 2, there is a clear tendency 
for the ratios to be of the same order of magnitude whether the 
animal is fed or fasted. The urinary N:S ratio may under some 
conditions be determined by the nature of the food consumed. 
Thus, Fay and Mendel (7) have shown that when egg white is fed 
to dogs as the sole source of protein the N:S ratio in the urine is 
practically the same as in the food. It is questionable, however, 
whether Siven’s idea (14) of the correspondence between the food 
and urinary N:S ratio can generally be subscribed to. Fay and 
Mendel’s experiments fail to corroborate this hypothesis, nor do 
our results give it general support. We did find that the two 
ratios were very nearly the same in Dog 6 during the preliminary 
period and in Dog 10 during the refeeding periods, but this seems 
more a coincidence than a general phenomenon. 

Wilson (16) has shown that sulfur is more effectively spared 
during metabolism than nitrogen by fat and carbohydrate in the 
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diet, which suggests that the N:S ratio of the end-products dis- 
earded through the urine merely reflects a complex metabolic 
response of the organism. 

During fasting the N:S ratio in the urine of our dogs shows 
considerable stability. In five out of seven animals there has been 
little of unusual interest in this respect. However, in Dog 5, 
the N:S ratio increased greatly during fasting and, subsequently, 
upon refeeding the rise in the ratio became quite extraordinary, 
associated with an extensive sulfur retention. In Dog 6 we 
likewise observed a great increase in the urinary N:S ratio but 
this occurred only in the early part of the fast. In the more 
advanced phases of the fast and later during the refeeding periods 
the N:S ratio showed no unusual changes. Carpenter (2) in 
his studies of the urine from fasting steers reports values for nitro- 
gen and sulfur elimination. On recalculation these results 
betray an extreme degree of variability in the urinary N:5S ratios 
from day to day (Steer C, 9.0 to 74.0; Steer D, 6.9 to 57.2) which, 
unless they can be accounted for by some analytical condition, are 
most extraordinary. 

We must conclude from an extensive study of the N:S ratio 
that this is an expression of such complex metabolic relationships 
as to make any idea of judging by it the nature of tissue undergoing 
catabolism during fasting fatuous. The most significant point, 
it seems, is that the relative excretion of nitrogen and sulfur in the 
urine is an individual metabolic response. Some dogs show 
high and others low N:S ratios, and this fact must be emphasized 
even though we cannot offer any explanation for it now. 

Does the sulfur in the urine represent protein catabolism? 
It is difficult to conceive of protein undergoing partial hydrolysis 
with its sulfur-free and sulfur-containing moieties meeting with 
different fates. It is very probable that cysteine accounts for only 
a small part of the sulfur content of protein, the nature of the 
other sulfur compound still being unknown. At the same time, 
the urinary N:S consistently fails to conform to any definite 
protein ratio. On the contrary, Mitchell and his coworkers (12) 
have shown that the non-protein N:non-protein 8S ratio in the 
tissue of rats on a normal and on a protein-free ration is practically 
the same, this sulfur being chiefly in the unoxidized form. This 
corresponds well with the findings of Denis and Reed (5) that in 
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the blood about one-half of the total sulfur present is in the 
unoxidized form, this distribution of the sulfur fractions not being 
affected by the sulfur and nitrogen level in the diet or by the rate 
of their excretion. This constancy of the tissue condition is 
undoubtedly of great physiological significance and the endog- 
enous metabolism may be regulated to maintain this physio- 
logical level. Mitchell (12) suggests that we should not consider 
protein metabolism at all, but only the metabolic transformation 
of the non-protein nitrogenous components of the tissues. This 
view-point may perhaps bring us nearer to an appreciation of the 
sulfur metabolism than the futile attempt to correlate the N:S 
ratio of protein and of urine. The sulfur partition presents con- 
siderable interest. It was shown by Folin (8) that the per cent of 
total excreted sulfur which is in the form of inorganic sulfate may 
increase to about 90 per cent on a protein-rich diet or drops to about 
60 per cent on a protein-poor diet. However, in Folin’s experi- 
ments the difference in protein intake is very great, the nitrogen 
excretion diminishing from 16.8 to 3.6gm. The great variation in 
the per cent of sulfate is due to the fact that both the ethereal 
and neutral sulfur fractions are practically unaffected under these 
dietary conditions. It seems, therefore, that all the exogenous 
protein metabolism results in the formation of inorganic sulfates. 
In our dogs, with a fairly constant protein intake, the per cent of 
inorganic sulfate in the urine varies nevertheless from 50.6 to 84.8 
per cent. This, however, is not an unusual variation. Wolf and 
Oesterberg (17) found in three dogs that the inorganic sulfate 
constituted 52.1, 68.4, and 83 per cent of the total sulfur excretion. 
We calculated the results reported by Denis and Reed (6) on the 
sulfur partition in the urine of their dogs and found that the 
inorganic sulfate there also forms 52 to 74 per cent of the total 
sulfur excretion. These dogs did not receive apparently as 
uniform a diet as in our experiments. Unfortunately Denis and 
Reed give no information on the nitrogen excretion. Their dogs 
were fed either the Cowgill mixture, meat, or bread and milk, and 
the highest sulfate per cent was found in dogs on the milk and 
bread while the lowest per cent in dogs was on the meat diet. 

We have examined the various factors which might be held 
responsible for the variation in the sulfate fraction but failed to 
discover any connection between this and the amount of water 


re 
4 

re 
a 
n 
| 

t 

\ 
D 
re 
a 
b 
0 
f 

tl 


S. Morgulis 643 


consumed or voided, or the absolute amount of sulfur and nitrogen 
excreted. Nevertheless, the sulfur partition seems to be peculiar 
to each dog and when the animals are fed following an intervening 
prolonged fast there is a definite tendency for the reestablishment 
of the prefasting sulfur partition. We did find, however, that 
there is some relationship between the type of dog experimented 
on and its sulfur partition. Thus, we found from incidental 
protocol notes the following description of the experimental 
animals, which we reproduce with the corresponding sulfur 
partitions. 


Dog No. Inorganic S. Neutral S. 
per cent per cent 


*Hele (18) in a study of the synthesis of ethereal sulfates in a terrier 
records data on the sulfur partition in the urine from which the inorganic 
fraction can be calculated as 60 to 64 per cent of the total. These values 
represent the averages from a number of determinations during the pre- 
liminary periods of two.separate experiments performed about 2 vears 
apart. This last fact makes the similarity in the results the more striking. 


It would be hazardous to speculate from so few observations, 
especially since the breed of three of our dogs (Nos. 6, 9, 11) is 
not as definite as in the remaining ones, but it is striking that all 
the three collies showed a high inorganic sulfate proportion, while 
the terriers, on the contrary, showed a very low proportion. 
What has been said of the inorganic sulfates holds equally for the 
neutral sulfur except that this fraction behaves in a reciprocal 
manner to the inorganic sulfate. In view of the fact that our 
results have already indicated very strongly the individual 
peculiarity in the matter of the sulfur partition, we would suggest, 
at least tentatively, that the sulfur metabolism varies in different 
breeds of dogs independently of the diet. We know, in the case 
of uric acid metabolism, that the Dalmatian dog is different 
from other breeds of dogs, and furthermore that upon hybridiza- 
tion of the Dalmatian the uric acid metabolism of the offspring 
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shows every gradation between the two extremes depending upon 
the hereditary make-up of the hybrid. May we not, likewise, 
be dealing with a racial peculiarity in the sulfur metabolism? 

Regarding the ethereal sulfate fraction, we know that part of it 
is derived from the conjugation with bacterial putrefaction 
products. However, it is also generally recognized that part is 
probably of endogenous origin. In our experimental animals 
during fasting we found three types of response: the ethereal 
sulfate fraction increased appreciably during the fasting period 
(Dogs 10, 11, 2) or remained unchanged at least for a time (Dogs 
6, 7) and, finally, greatly decreased even to the vanishing point 
(Dog 9). On the theory that the ethereal sulfates are associated 
with a conjugation of putrefactive products it would be difficult 
to explain the great increase (both relative and absolute) in this 
fraction in the urine of most of our dogs, and especially its almost 
complete disappearance in Dog 9. 

The behavior of the neutral sulfur fraction has been already 
fully discussed in the detailed description of the results pertaining 
toeach dog. Intwo cases (Dogs 7, 10) there was a definite reduc- 
tion, in two cases (Dogs 2, 11) an increase, while in two other cases 
there was a sharp initial diminution followed by a gradual rise 
(Dog 6) or an initial rise followed by a drop (Dog 9). It is im- 
possible, therefore, to say that fasting is necessarily associated with 
a rise in this unoxidized sulfur moiety or to deduce from this the 
hypothesis that the oxidative processes are impaired during 
inanition (13). 


CONCLUSIONS. 


1. The average urinary N:S ratio in dogs on a fairly uniform 
diet ranges from 16.1 to 29.7. During prolonged fasting these 
dogs (with only one exception) show the same average ratios 
(15.3 to 27.5). The N:S ratio is, therefore, peculiar to the 
individual dogs, some having high and others low ratios. 

2. The experimental evidence fails to demonstrate a relation- 
ship between the N:5S ratio of the food and of the urine. 

3. It is impossible to determine from the urinary N:S ratios the 
nature of the tissue undergoing catabolism. 

4. The variations in ethereal sulfate during fasting suggest that 
this sulfur fraction must be chiefly of metabolic origin. 


4 

> 

& 


S. Morgulis 645 


5. The neutral sulfur fraction is subject to very irregular 
changes, but the evidence does not permit the conclusion that 
these are associated with diminished oxidative processes in the 
fasting organism. 

6. The variations in the inorganic sulfate fraction are likewise 
irregular. This fraction is influenced more by the individuality 
of the dog than by the diet, some dogs voiding a urine with a high 
per cent of inorganic sulfate and low neutral sulfur, while other 
dogs show the reverse condition. 

7. Upon refeeding, the inorganic sulfates tend to assume the 
same proportion as before the fast, independently of the changes 
which this sulfur fraction had undergone in the course of inani- 
tion. 
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A NOTE ON THE KRAMER-TISDALL POTASSIUM 
METHOD. 


By SERGIUS MORGULIS ANNE PERL™Y. 


(From the Department of Biochemistry, College of Medicine, University of 
Nebraska, Omaha.) 


(Received for publication, March 19, 1928.) 


In the determination of potassium in blood by the Kramer- 
Tisdall method (1, 2) as the complex potassium sodium cobalti- 
nitrite, it is assumed that the reaction takes place according to 
the equation: -H2,O+4 KCl = 
-H,O+4NaCl. The potassium is then determined from the titra- 
tion of the precipitate with 0.02 Nn KMnQO,. Kramer and Tisdall 
give the factor 0.071 for the conversion of cc. of 0.01 N KMnO, to 
corresponding quantities of potassium. This factor, however, is 
not derived stoichiometrically and is a purely empirical value. 
We found that it is by no means constant for different reagents 
and have been redetermining it from analyses on known quanti- 
ties (3). As a matter of fact, after a long study of the method, 
we came to the conclusion that there is no fixed factor for convert- 
ing the permanganate volume into mg. of potassium, but that this 
varies according to the amount of potassium analyzed. The 
titration results when plotted as ordinates against mg. of K as 
abscissz give a straight line. We recommend, therefore, that 
each new reagent should be standardized with varying amounts 
of a known potassium solution. In analyses of unknown quanti- 
ties, the mg. K can now be read off directly from the curve, thus 
dispensing entirely with the complicated calculation and avoiding 
the error resulting from the use of a fixed factor. In Fig. 1 we 
reproduce several curves. The heavy line is a theoretical curve, 
a fixed factor of 0.071 being assumed. The lighter lines are all 
experimental curves obtained from analyses of a standard solution 
of KCl. It will be seen that the experimental curves are also 
straight lines but with a different slope. They intersect the 
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theoretical curve but the point of intersection is not the same for 
different reagents. Thus with one reagent the intersection would 
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occur between 0.5 and 0.6 mg. of K, while with another sample 


the intersection is between 0.2 and 0.3 mg. of K. Itis also obvious 
why a factor of 0.071 was selected if the determinations were 
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confined entirely to the range of 0.2 to 0.3 mg. of K, as is usually 
the case in blood plasma analyses. In view of the fact that P is 
supposed to interfere with the potassium determination, it may 
be of interest to mention that we obtained identical curves with 
both KCl and KH2PO, standard solutions, so that P, at any rate 
in an equivalent concentration, does not seem to affect the results 
of the potassium analysis. 

Considering that the experimental curves are straight lines, one 
can calculate the results from the usual intercept form of the 
equation for a straight line, = + . = 1, where a and b are 
the X and Y intercepts, respectively. With the aid of this equa- 
tion the quantities of K can be’ calculated beyond the limits of 
the plot. Thus, for the experimental curve marked by solid dots 
the equation becomes: 0.44 X — 0.0516 Y = 0.0213, where X = 
mg. of K and Y = ee. of 0.02 Nn KMnOQs,. 


BIBLIOGRAPHY. 


1. Kramer, B., and Tisdall, F. F., J. Biol. Chem., 1921, xlviii, 223. 
2. Kramer, B., J. Biol. Chem., 1920, xli, 263. 
3. Morgulis, 8., Am. J. Physiol., 1928, Ixxxiv, 350. 


a 
rg 
? 
tio 
We 
43 
f 
4 
ie 


& 
= 
a 
< 
| 
/ 
2 
| 


THE EFFECTS OF INADEQUATE VITAMIN A ON THE 
SEXUAL PHYSIOLOGY OF THE FEMALE.* 


By HERBERT M. EVANS. 
(From the Department of Anatomy, University of California, Berkeley.) 


(Received for publication, February 29, 1928.) 


In 1922 we noted a new and characteristic test for deficiency 
in fat-soluble vitamin A—the constant appearance of cornified 
cells either predominantly or exclusively in the vaginal smear.' 
In the intervening time we have conducted many thousands of 
tests with dietary mixtures lowor lacking in vitamin A and have 
never seen the test fail. It is earlier and, since invariable, more 
constant in its appearance than xerophthalmia or abscesses of the 
glands at the base of the tongue and while perhaps not earlier 
than growth decline, is pathonomonie of vitamin A deficiency as 
growth decline is not. ‘The test is hence invaluable in all studies 
of reproduction or other body functions in which we must be 
assured of conditions during a time of vitamin A delinquency. 
The constant appearance of cornified cells? in the vaginal smear 


* Aided by grants from the Committee for Research on Problems of Sex 
of the National Research Council and from the Bureau of Dairying of 
the United States Department of Agriculture. These funds have been 
generously augmented by the Board of Research and by the College of 
Agriculture of this institution. 

1 Evans, H. M., and Bishop, Kk. 8., On an invariable and characteristic 
disturbance of the reproductive function in animals reared on a diet poor 
in fat soluble vitamine A, Anat. Rec., 1922, xxiii, 17. 

2Since these cells normally occur during the epoch of active heat, or 
estrus, it might be conceived that the prolonged appearance of cornified 
cells indicates prolonged estrus. This conception is invalidated both by 
the behavior of animals on diets low in vitamin A and by the condition 
of the ovaries of these animals. Such animals are not in continuous 
estrus as shown by daily tests, or better, by the constant presence of 
active males in their cage. Furthermore, the ovaries of animals showing 
this test for vitamin A delinquency do not exhibit ripe follicles or vesicles 
characteristic of the estrous stage and, what is more important, the ovary’s 
lack of mediation in this sign is conclusively shown by the exhibition 
of the sign after double ovariectomy. 
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indicates impoverishment in vitamin A during the time such tests 
are conducted. ‘The introduction of a high source of vitamin A 
(cod liver oil, 1 to 3 drops daily) may change the vaginal smear 
to the normal one of diestrus in 24 hours and invariably accom- 
plishes this within 3 days. That the change is due to the intro- 
duced vitamin A rather than the antirachitic vitamin D seems 
conclusively shown by the same continuous exhibition of the 
sign (prolonged cornified cells) in experiments which we have 
recently conducted with Diet 251, in which the lard was irradiated 
with a Hanovia lamp. 


Diet 251. Diet 56, 
Casein (extracted)......... 25 Casein (extracted)......... 18 
Corn-starch (cooked)....... 69 Corn-starch (cooked)....... 54 


Yeast....0.5 to 0.7 gm. daily. Yeast....0.5 to 0.7 gm. daily. 


Twelve female rats were reared from the day of weaning (21st 
day of life) on Diet 56, with 0.5 to 0.7 gm. of whole dried yeast 
daily. When the animals were 60 days of age there were added 
daily to the yeast 6 drops of wheat germ oil to assure an adequate 
level of vitamin E. The average age at the occurrence of the 
first estrus was 64 days (36 to 101). Slightly after the 100th day 
of life a normal, sexually active male was placed nightly in 
the cage of each female. Search was made each morning for 
the copulatory plug or residual spermatozoa. ‘The method, we 
believe from an extensive experience, is a practically infallible 
one to detect copulation. The animals were studied in this way 
until approximately the completion of the 200th day of life. 
22 per cent of the copulations resulted in the birth of living young 


29 

exhibition of the sign of vitamin A delinquency (continuous corni- 
fied cells) throughout gestation, showing that whatever other 
delinquencies existed in our diet (and we confessedly did not take 
pains to insure an adequate level of vitamin D) the animals 
suffered from impoverishment in vitamin A and yet in the presence 
of the vitamin E were able in somewhat less than one-fourth of 
the instances to complete gestation. The large majority of 
copulations did not show the implantation sign. We are hence 


(7°) It is interesting that in these cases there was a continuous 
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sure that resorption (characteristic of vitamin I delinquency) did 
not take place in these cases but that failure must have occurred 
in some phase of the reproductive mechanism anterior to im- 
plantation. Sections of the oviduct of such cases (from 1 to 3 
days after the finding of spermatozoa) show degenerated eggs in 
the last portion of the tube. If fertilization occurred, death must 
have ensued shortly thereafter, for there were no indications of 
blastogenesis. There is the highest probability from these micro- 
scopic findings that fertilization did not occur, although proof 
that the eggs were shed is given. It is clear, then, that the 
majority of the eggs, although coming from follicles which secreted 
the estrus hormone and inducing mating in their possessors, 
were either too infirm to be fertilized or the spermatozoa were 
incapable of reaching them. It is highly interesting that in the 
case of every individual of the group at least one successful 
gestation was accomplished at some time in its history, not in- 
variably in the earliest part of it. The variation may be due to 
differences in the viability of the various crops of eggs, or to 
altered conditions in the reproductive tract which would impede 
or inhibit the journey of the spermatozoa, a condition quite 
possible since all the epithelia are changed in animals on low 
vitamin A diets. When litters were born they were not greatly 
under the expected size and weight. Many of the histories 
showed copulations at 5 day intervals, indicating rhythmic 
estrus and ovulation, a rhythmicity which we could not have 
detected by the vaginal smear on account of the continuous ex- 
hibition of the cornified sign. The rhythmic coitus, if it may be 
so styled, further demonstrates that the condition of pseudo- 
pregnancy is not induced in these animals. This contributes the 
further fact of impaired or inadequate internal secretions in these 
females. 


SUMMARY. 


1. Inadequate vitamin A injures the female reproductive sys- 
tem so that fertilization and implantation often fail. In this 
respect it differs radically from the reproductive impairment due 
to low vitamin E content, where, typically, the eggs are always 
healthy and implantation takes place but resorption follows. 

2. A level of inadequate vitamin A can be secured, denoted by 
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continuous cornified cell vaginal smears, during which estrus and 
ovulation occur and are, in fact, fairly frequent. This is only 
demonstrable by the continuous presence of the male for no 
changes occur in the vaginal cell types. Four-fifths of the 
copulations eventuate in failed implantation. A great many of 
them fail even to establish the condition of pseudopregnancy since 
another estrus occurs in 5 days. About one-fifth of the copula- 
tions leads to the birth of litters. It is interesting that through- 
out gestation the cornified cell smear continues. Normally the 
vaginal epithelium in pregnancy is high columnar in type. 
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REDUCING SUBSTANCES IN THE BLOOD OF THE DOG- 
FISH, SQUALUS SUCKLII, AND CERTAIN OTHER 
FISHES .* 


By F. D. WHITE. 
(From the Pacific Biological Station, Nanaimo, British Columbia, and the 
Department of Biochemistry, Faculty of Medicine, University of 
Manitoba, Winnipeg, Canada.) 


(Received for publication, November 21, 1927.) 


Though little is known of the nature or function of the reducing 
substances present in the blood of fishes, there is nothing to sug- 
gest that they differ from those in mammalian blood. Since the 
development of the Folin-Wu technique, values have been re- 
corded which are quite analogous to the sugar values normally 
obtained from the blood of the higher vertebrates, except that 
figures showing very wide variations have been obtained, even in 
fish of the same species. ‘The cause of these variations is still 
obscure. Hyperglycemia induced by asphyxiation has been 
generally accepted as one of the underlying factors, but there is 
some evidence (Menten (1)) that the amount of sugar in the blood 
depends upon the quantity of food ingested and the time of feed- 
ing. ‘This is a point which seems to have been overlooked by most 
investigators, who, relying probably upon the fact that the food 
is largely protein in character, have usually endeavored to take 
the blood sample as soon as possible after catching the fish. Since 
the diet contains little or no carbohydrate, the blood sugar is in 
all probability at least in part derived from protein, and the 
possibility of a certain amount of alimentary hyperglycemia 
cannot be ignored. ‘The primary object of this investigation was 
to obtain the minimal normal values for reducing substances in 
the blood, hence as a routine procedure before samples were taken, 
the fish were kept for at least 2 days under as nearly as possible 
normal conditions, but without food. 


* A study from the Stations of the Biological Board of Canada. 
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All the fish used in this investigation were obtained either in 
nets or by means of a trawl, with the exceptions of the dogfish, 
caught on a set line, and the lampreys, caught by hand. As 
soon as possible after capture, they were transferred to a large 
wooden tank whose sides were latticed to allow passage of sea 
water; this tank was kept attached to a floating raft and im- 
mersed in the sea. When required, a fish was transferred with a 
landing net to the raft, where the sample was usually obtained by 
severing the caudal vessels and allowing the blood to flow into a 
tube whose sides had been rinsed with potassium oxalate solution 
and then drained. This was found by experience to be the quick- 
est and most satisfactory method, a period of 2 minutes being more 
than ample for the whole procedure. Such rapidity is of some 
importance, since Scott (2) claims to have observed in the case of 
the dogfish, \Justelis canis, a pronounced asphyxial hyperglycemia 
which attained its maximum value within 4 minutes of the removal 
of the fish from the sea. In the case of the lampreys blood was 
obtained by severing the third branchial cleft, but some trouble 
was at first experienced owing to rapid clotting. This was over- 
come by wiping the surface of the skin with a cloth moistened with 
potassium oxalate solution before making the incision. 

In the preparation of the blood filtrates the ordinary Folin-Wu 
technique was adhered to, but was slightly modified for dogfish 
blood since its cell volume is relatively much less than that of 
teleosts and mammals. In this case, the blood was laked with 
5 volumes of water, while 0.5 volume of each of the precipitating 
reagents was found to be adequate. 

It should be mentioned that the minimum dilution necessary for 
dogfish blood was found to be 5 volumes of water to 1 of blood, 
microscopic examination showing clearly the presence of cor- 
puscles in bloods of less dilution. Menten diluted 2 cc. of blood 
with 5 cc. of water, followed by 1.5 ec. respectively of the pre- 
cipitating reagents. It is doubtful whether complete laking was 
obtained with these proportions, and there is no evidence that the 
sugar in fish blood is equally distributed between the corpuscles 
and the plasma. 

Folin (3) and Benedict (4, 5) by the use of different reagents 
have shown that reduction values can be obtained which are 
considerably lower than those obtained with the original Folin-Wu 
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reagents, and are therefore presumably closer to the true glucose 
value. These new reagents have only been used with mammalian 
blood filtrates, but there seems no reason to believe they are not 
equally applicable to fish blood. Accordingly in the majority of 
the estimations which have been carried out on the blood of various 
fishes, all three methods have been used simultaneously on each 
filtrate. For further purposes of comparison, in a few cases the 
blood was treated according to the mercuric nitrate precipitation 
method used by Harned (6), which, he claims, gives a filtrate free 
from nitrogenous organic solutes. In order to estimate with 
reasonable accuracy amounts of reducing substances over a fairly 
wide range, three standard solutions were used containing re- 
spectively 0.1, 0.05, and 0.02 mg. of glucose per cc. 

The Benedict method has the advantage of giving more deeply 
colored solutions which facilitate colorimetric comparison, par- 
ticularly in those cases in which the sugar value is very low. This 
advantage is, however, offset by the color of the complex tungstic 
acid reagent itself, which gives quite a definite blank. Benedict 
states (5) that the color “‘is so slight that we have made no effort 
to improve the method in this respect. . . . When the two 
{unknown and standard] are diluted it will be readily seen that the 
color of the blank is so faint as to be entirely unobjectionable.”’ 
The results which I have obtained, using Merck’s purest reagents, 
do not entirely accord with such statements, at any rate as far as 
the use of dilute standards is concerned, and such dilute standards 
were essential for the results here recorded. The color developed 
in a blank test was compared with that of a solution containing 
0.02 mg. of glucose per cc., and the cup measurements showed a 
mm. comparison of 10:21 (standard: blank). This permitted 
application of a mathematical correction to the results obtained 
by thismethod. ‘The uncorrected and corrected figures are shown 
in TableI. That the majority of these figures do not show a greater 
difference is due to the use of the three standards. Obviously, 
the greater the difference in depth of color between the standard 
and the unknown, the greater will be the difference between the un- 
corrected and corrected figures, and consequently such a correc- 
tion cannot be omitted, in cases in which the sugar concentration 
is low and requires weak standards. 

Table I not only shows that by either the Benedict or the revised 
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Folin procedures lower values are obtained than by the original 
Folin-Wu method, but also that the Benedict figures are uni- 
formly intermediate in value between those of the other two 
methods. This can only mean that, as far as these results are 
concerned, the Folin values more nearly represent the true glucose 
content of the blood, or that some more or less constant error has 
depressed these values below that of the true glucose content. 
Although the values obtained by the Harned method support the 


TABLE I. 
Reducing Substances Expressed in Terms of Glucose in Mg. per 100 Ce. 
of Blood. 
Benedict. 
Fish. Species. Folin. ee | Folin-Wu.| Harned. 
Corrected. 
Dogfish. Squalus 15 23 19 27 
sucklit. 29 34 34 45 
30 33 34 40 
38 44 48 52 
52 64 63 7 
54 62 60 74 
56 63 62 71 56 
64 7 74 86 
7 85 86 99 76 
Ling cod. Ophiodon 10 18 16 19 
elongatus. 14 20 21 25 
14 22 23 28 
34 45 44 50 33 


former supposition, these are too few in number to be really 
significant, and the possibility of an error has to be investigated. 

The copper solution used by Folin in his revised method is so 
delicately balanced that special precautions attendant on its use 
have been outlined by Folin and Svedberg (7). In the analyses 
now reported, these have been followed in every particular. 
These authors further deprecate the use of too much oxalate, since 
excess of the anticoagulant usually results in tungstic acid being 
found in the blood filtrate. They state that such filtrates con- 
taining over 200 mg. per cent of sugar may give results that are 
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from 2 to 5 per cent too low. By the method of collecting blood 
necessarily adopted in this investigation, the total amount of 


TABLE II. 
Effect of Oxalate on the (Folin) Reduction Value of Blood. 
P ti f blood |Oxalate — D 
olin) 
mg. | mg. per 
per ce. | 100 ce. mg. 
blood | blood 
Cat blood, urethane as anesthetic. | According to 1 356 
Folin-Wu. 3 348 8 
5 342 14 
3 310 5 
5 303 12 
Dog blood, after insulin injection. 1 52 
3 50 2 
5 48 4 
4 27 1 
Cat blood, diluted with equal vol- | As for dogfish | 0.5 | 198 
ume of Ringer-Locke solution. blood. 3.5 | 190 8 
5.5 | 187 11 
0 i 5 183 
2.5 77 6 
4.5 | 174 9 
O } 5 178 
3.5 | 17 4 
Dog blood, diluted with equal vol- ” ” 0.5 72 
2 ume of Ringer-Locke solution. 2.5 70 2 
| 4.5 | 67 5 
0.5 13 


oxalate used was roughly constant (the maximum being about 50 
mg.), but the amount per ce. of blood varied equally of necessity 
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with the volume of blood obtainable. With large fish such as the 
dogfish and the ling cod whose weights varied from 3 to 10 pounds, 
and from which at least 25 ec. of blood were obtained, the amount 
of oxalate per cc. did not exceed 2 mg. (the original Folin-Wu 
procedure calls for 2 mg. per cc.), but with some of the smaller fish 
this concentration was undoubtedly exceeded. Consequently it 
seemed advisable to ascertain to what extent excess of oxalate 
would lower the reduction value. This part of the work was 
carried out subsequently when fish blood was not available. The 
results are shown in Table II. 


TABLE III, 
Determination of Glucose Added to Artificial Dogfish Blood. 


Blood sample. Added Reduction values (mg. per 100 cc. blood). 
Folin. Error. Folin-Wu. Error. 
mg. per 100 cc. 
blood 
12 
16 98 0 
48 53, —2 59 
90 0 95 0 
23 30 
72 -1 79 


From the examples shown in Table II it is evident that excess 
of oxalate has a marked effect upon the reduction values greater 
than 100 mg. per 100 cc. of blood. For values of less than 100 mg. 
the effect is not so striking and suggests that where the amount of 
oxalate does not greatly exceed 2 mg. per cc. of blood, the reduc- 
tion value may not be lowered beyond the limit of error. To 
account for most of the differences between the Folin and Benedict 
values in Table I, the assumption would have to be made that the 
blood in these cases contained more than 5 mg. of oxalate per cc. ; 
such was never the case. 

There still remained the possibility that by the method used for 
the preparation of the blood filtrate in the case of dogfish blood 
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TABLE IV. 
Reducing Substances in the Blood of Various Fishes, Expressed as. Glucose. 


661 


Species. 


Common name. 


(a) Cyclostomata. 
Entosphenus 
tridentatus. 
(b) Elasmobranchii. 
Squalus sucklit. 


(c) Holocephali. 
Hydrolagus collizi. 
(d) Teleostei. 
Oncorhynchus 
kisutch. 


Leptocottus armatus. 


Sebastodes maliger. 


Ophiodon elongatus. 


Pleuronichthys 
cenosus. 


Platichthys stellatus. 


Porichthys notatus. 


Lamprey. 


Dogfish. 


Ratfish. 


Coho 
salmon. 
Bullhead. 
Rock cod. 


Ling cod. 


Flounder. 


Starry 
flounder. 

Singing- 
fish. 


0 40 Se. 


70 +40 +40 


+0 


A AA 


| Time in tank, 


cr st Or Or Or 


12 


Reducing 
substances 
3 Remarks, 
i | 3 
5 
mg. mg. 
per per 
100 cc.| 100 cc 
blood | blood 
64 | 68 | Mixed blood . 
(8 fish). 
29 | 34 
30 | 34 
15; 19 
23 
38 | 48 
55 | 64! Mixed (4 
fish). 
541 60 Mixed (2 
fish). 
52 638 
56 | 62 
75 | 86 
27 | 33 
90; 91 
29 | 35 
26 Mixed (2 
fish). 
34 Mixed (3 
fish). 
34 | 44 
19 
14 | 21 
14} 23 
10 | 16 
18; 19 
82 
29 | Mixed (2 
fish). 


| days 
3 
2 
9 
2 

3 
3 
4 
5 
7 
8 : 
2 
2 
2 
9 
] 
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(1 volume of blood + 5 volumes of water + 0.5 volume of each of 
the precipitating agents) glucose was not estimated quantitatively. 
In Table III are shown the results of added glucose in such a 
filtrate prepared from mammalian blood. Inorder that this blood 
might approximate as closely as possible to that of the dogfish, 
mammalian blood obtained after insulin injection was allowed to 
stand until glycolysis had further reduced the glucose content, 
and was then diluted with an equal volume of sugar-free Ringer’s 
solution containing added urea, creatine, and creatinine so 
that the final (diluted) blood contained 2 gm. of urea, 25 to 30 
mg. of creatine, and 6 to 8 mg. of creatinine per 100 ce. (cf. Denis 
(8)). 

These results show that the method of preparation of the blood 
filtrate does not appear to be in itself a source of error, nor does 
the presence of large amounts of nitrogenous solutes influence 
the estimation of glucose by the Folin method. 

In Table IV are shown the amounts of reducing material found 
in the blood of fishes of different species. Since no explanation 
has been found to account for the differences in reducing values 
as determined by the Benedict and the revised Folin procedures, 
in the majority of cases the results obtained by both methods 
have been recorded. 

The figures in Table IV for dogfish blood appear to be of interest 
in view of the conflicting statements in the literature. The very 
low or negative results of Diamare (9), Bierry and Fandard (10), 
and Lang and Macleod (11) are difficult to reconcile with the aver- 
age values of 65 and 90 to 110 mg. per 100 cc., recorded by Scott 
(2) and by Denis (8) respectively. From an examination of the 
figures in Table IV it would appear that the sugar values obtained 
bear a definite relationship to the length of time the fish were kept 
in the tank before analysis, there being apparently an increase to 
the 4th day. Of the fourteen dogfish whose sugar results are 
reported, nine were kept from 4 to 8 days and the figures for these 
are in moderate agreement, giving the (weighted) average value of 
57 mg. per 100 cc. Hence a figure of 55 to 60 mg. per 100 ce. is 
considered to be the probable normal fasting figure. The ling 
cod was the only other fish kept for varying lengths of time, and in 
this case the blood sugar appeared to vary in the opposite direction. 

A possible explanation of the low values found in the dogfish 
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may lie in the fact that these fish were all caught by set line, and 
were probably in an exhausted condition when obtained, although 
in no single instance could they be considered moribund. Some 
support is given to this view by the fact that Scott could find no 
sugar in the blood of certain dogfish which were in a subnormal 
condition, while, although Lang and Macleod could only find 
traces of reducing substances in the blood of dogfish freshly caught 
by line, they found 34 mg. per 100 cc. in one fish which had been 
caught by net several days previously. ‘That the dogfish while 
fasting is apparently able slowly to raise its blood sugar to a 
constant level, is of some interest, since Kilborn and Macleod (12) 
have shown that there is relatively little glycogen in the liver, and 
indeed the gradual nature of the rise renders glyeogenolysis an 
unlikely explanation. ‘Tissue protein may be the source of this 
sugar, but there is an interesting possibility that the liver oil can 
be utilized for this purpose, especially since recent work in Profes- 
sor Macleod’s laboratory emphasizes the possibility of formation 
of glucose from fatty acids (13). It is proposed to test this on 
some future occasion. 


Effect of Yeast Fermentation. 


The apparent fact that the sugar content of dogfish blood may 
become depressed far below its normal fasting level without any 
noticeably deleterious effects to the fish, suggested the possibility 
that the “sugar’’ might not be glucose, and that the effect upon it 
of yeast fermentation was worth investigating. <A series of esti- 
mations was accordingly carried out, the technique of Folin and 
Svedberg (7) being followed, with use of the Folin, Folin-Wu, and, 
in some cases, Benedict reagents. Blanks for the yeast used 
(Fleisechmann’s) were determined with all reagents and the values 
obtained corrected for these blanks. Table V shows the effect 
of yeast on the sugar of dogfish blood compared with the effect 
on the blood of certain ‘other fishes. 

Table V shows that the sugar in dogfish blood, as determined by 
the Folin method, is almost completely fermentable, the reduction 
values after treatment with yeast when corrected for the blank 
being insignificant. Such, however, is not the case with the 
teleosts. The figures are of a sufficiently higher degree than the 
corresponding ones for elasmobranchs to demonstrate the presence 
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in the blood of an appreciable amount of non-fermentable reducing 


substance. 
The corrections deducted for the blank were the mean values of 
These mean values, referred 


a large number of determinations. 


TABLE V. 
Reduction Values of Fish Bloods before and after Treatment with Yeast. 


Fish. 


Reduction values (mg. per 100 cc. blood). 


Dogfish (Squalus 
suckliz). 


Ratfish (Hydrolagus 


collizi). 


Ling cod (Ophiodon 
elongatus). 


Rock cod (Sebastodes 
maliger). 


Flounder (Platichthys 
stellatus). 


Folin. Folin-Wu. Benedict. 

33 32 32 

15 4/11 |12 |15 | 19 

23 3 | 20 | 27 8 | 19 

29 4 | 25 | 45 8 | 37 

30 4 | 26 | 44 7 | 37 

35 2 | 36 | 52 | 15 | 37 | 48 | 13 | 35 

52 2 | 50 

54 5 | 49 | 74 | 12 | 62 | 60 | 138 } 47 

56 4 | 52 | 71 13 | 58 | 62 | 12 | 50 

64 6 |} 58 | 86 | 15 | 71 | 74 | 10 | 64 

27 3 | 24 

14 7 11 

19 | 10 9 | 30 | 23 7 

34 | 14 | 20 | 50 | 17 | 33 

26 | 12 | 14 

34 1/11 | 23 | 48 | 23 | 25 

82 | 72 | | 


to 100 cc. of blood, were 6 mg. for teleosts (blood diluted 10 times) 
The ex- 


and 4 mg. for elasmobranchs (blood diluted 7 times). 


tremes were 5 and 9 mg. and 3 and 6 mg. respectively. 


Hence the 


difference between the mean value actually deducted and the 
extreme values observed, cannot account for this difference be- 
tween elasmobranchs and teleosts. 
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In view of the small number of teleosts used in this experiment, 
it would be unwise to stress too greatly the significance of these 
results, but the moderate agreement between these values con- 
trasted with the wide variation in the total reduction values, sug- 
gests that in the blood of at least some species of teleostei there 
are normally present about 10 to 12 mg. per 100 cc. of non- 
fermentable reducing substances, as determined by the revised 
Folin method. This compares with the 5 to 6 mg. per 100 cc., 
which Folin and Svedberg, using this method, found to represent 
the average amount of non-fermentable reducing substances in 
human blood. ‘The nature of these substances has not yet been 
determined. 

When determined by the Folin-Wu procedure, the difference 
between these “rest reduction” values of elasmobranch and teleost 
blood does not appear so striking, although here again the latter 
values are of a somewhat higher order. Folin and Svedberg 
point out that if yeast only removes from blood substances of 
equal or greater reducing power than glucose, then the amount of 
fermentable “‘sugar” theoretically should be the same whichever 
method is used. Table V shows that in this investigation the 
revised Folin and Benedict methods yield figures for the amount 
of fermentable material which show moderate agreement; those 
with the Folin-Wu method are definitely higher.! 


14 paper by S. R. Benedict has recently appeared in this Journal 
(1928, Ixxvi, 457) in which certain results are in substantial agreement with 
some of those recorded in this communication. By the use of a new re- 
agent he finds that his previous copper reagent does not yield the lowest 
“sugar’’ values, thus agreeing with the present discrepancy noted in 
Table I between the Benedict and revised Folin methods. Using this 
new reagent he also obtains values for ‘‘total reduction’’ which are usually 
lower than the amount of fermented material as estimated by the Folin-Wu 
method, while the figures for fermented material by his new method are very 
much lower than the corresponding Folin-Wu figures. Similar divergences 
are shown in Table V. To explain such divergences, the assumption could 
be made that fish blood contains large amounts of fermentable ‘‘sugar’’ 
other than glucose, but this does not seem at all probable. Benedict 
suggests a much more reasonable explanation, ‘‘that blood filtrates may 
contain one or more substances capable of affecting the dissociation of the 
copper complex employed, so that the copper becomes more readily 
reduced by one or more of the reducing materials present in blood.”’ 
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Effect of Asphyzxiation. 


The effect of asphyxia upon the blood sugar of fishes has been 
the subject of several investigations, initiated by the statement of 
Fandard and Rane (14) that fish were more susceptible than 
mammals to hyperglycemia under these conditions. Scott (2) 


TABLE VI. 
Blood Sugar of Dogfish during Progressive Asphyxiation. 


Blood sugar 
water. Folin Folin-Wu 
method. method. 
hrs. hrs. 

1 24 36 

2 1 20 31 

2 12 27 

2 1 31 

2 7 22 32 

3 0.5 16 22 

4 1 14 20 

3 1 34 

2 2 20 27 

3 0.5 18 2 

4 1.5 14 20 

3 11 15 

4 ° 2 26 39 

2 1 19 31 

5 1 0 11 23 

2 2 10 92 

3 2 7 18 

4 3 7 10 


has recorded a rapid rise in the blood sugar of the dogfish, M ustelis 
canis, during the first 4 minutes followed by a decline to normal 
within 15; McCormick and Macleod (15) obtained hyperglycemia 
in thesculpin, Wyorocephalus, only after 30 to 45 minutes exposure 
to asphyxial conditions; confirmation of this delayed rise in blood 
sugar has been afforded by the work of Simpson (16) and of 
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Menten (1). Asa result of the varying sugar content of dogfish 
blood recorded in Table IV, it was decided to carry out a few 
experiments upon the effect of asphyxia. 

The experiments were carried out in a rectangular zinc tank 
through which passed a constant flow of fresh sea water, so regu- 
lated that the tank always contained about 60 liters of water. 
At the bottom of the tank was a wooden trough in which the fish 
was lightly secured with its ventral surface upwards. When a 
blood sample was required, one end of the trough was raised until 
the ventral surface of the fish showed above the level of the water, 
and the blood obtained by syringe from the heart, which was easily 
reached by inserting the needle under the posterior edge of the 
shoulder girdle as described by Menten. ‘The blood was treated 
by the Folin-Wu technique, the quantities being modified as 
described previously, and the sugar estimated by both the Folin 
and Folin-Wu procedures. In the majority of cases the fish was 
kept in running water for 2 hours, during which time two samples 
were taken; asphyxial conditions were then induced by securing 
the inlet and outlet and allowing the fish to use up the dissolved 
oxygen by respiration. The results are shown in Table VI. 

Of the five dogfish whose results are recorded in Table VI, 
that in Experiment 5 had only been in the sea water tank for 24 
hours after capture, that in ‘Experiment 2 for 2 days, and the 
others, 3 days. Since it has been shown that at least 4 days must 
elapse after capture before the blood sugar returns to normal, these 
fish must be regarded as subnormal as far as sugar content is 
concerned, but it was thought that this would render a hyper- 
glycemic effect all the more noticeable. 

In every case the fish died within 30 minutes of taking the last 
sample, but so far from there being any evidence of hyper- 
glycemia there was a progressive fall in blood sugar, whether 
determined by the revised Folin or the Folin-Wu procedures. 
This may be in part accounted for by dilution following with- 
drawal of a not negligible percentage of the animal’s blood, al- 
though Menten using the same type of procedure obtained increas- 
ing values with consecutive blood samples from the same animal. 
Further, Hall, Gray, and Lepkovsky (17), analyzing the blood of 
a large number of fish (menhaden) after individuals had been 
subjected to varying periods of asphyxiation, found an increase 
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in most of the blood constituents which was roughly proportional 
to the length of time during which they were subjected to asphyxial 
conditions. ‘This they explain by suggesting that with increasing 
asphyxia the blood becomes more concentrated, water passing 
from the blood to the tissues. These authors found, however, 
that the blood sugar did not show this gradual increase, but 
fluctuated, and they conclude that other factors have a greater 
effect upon the sugar content than has asphyxia. The con- 
flicting results which different investigators have thus far obtained 
suggest the desirability of further work in which the conditions 
are more stringently controlled and the asphyxia is produced 
under widely varying experimental conditions, and that inthe 
meantime the effect of asphyxia upon the blood sugar of fishes 
cannot be definitely stated. 


SUMMARY. 


The blood sugar content under fasting conditions has been 
determined for fish of different species. 

The Folin-Wu procedure for the estimation of the blood sugar 
has been compared upon a number of fish bloods with the Benedict 
and Folin modifications. The last named gave distinctly lower 
values than the Benedict procedure and both much lower values 
than the original Folin-Wu method. Of the three methods, the 
revised Folin procedure, when all necessary precautions are ob- 
served, and in particular, when the amount of oxalate added to the 
blood as anticoagulant is carefully regulated, apparently gives 
results which most closely approximate to the true glucose content. 

Blood samples taken from the dogfish, Squalus sucklii, shortly 
after capture, show a low sugar content, but if the fish is kept for 
a period of not less than 4 days, even under fasting conditions the 
sugar content rises to an approximately constant level. A value 
of 55 to 60 mg. per 100 cc. of blood is regarded as the probable 
normal fasting figure. 

Blood filtrates subjected to fermentation with yeast, according 
to the procedure of Folin and Svedberg, demonstrate that in dog- 
fish blood the sugar is almost completely fermentable, while in the 
blood of three species of teleosts there appear to be normally 
present non-fermentable reducing substances to the extent of 
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about 10 to 12 mg. per 100 ec., as determined by the revised Folin 
procedure. 


Dogfish subjected to conditions of gradually increasing asphyxia- 


tion have shown no evidence of hyperglycemia under the experi- 
mental conditions employed. 


I desire to express my indebtedness to the Biological Board of 


Canada and the Director of the Pacific Station (Dr. W. A. 
Clemens) for the facilities placed at my disposal during the course 
of this investigation. My thanks are also due to Professor A. T. 
Cameron of this University for his helpful criticism. 
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LACTONE FORMATION OF CELLOBIONIC AND OF GLU- 
COARABONIC ACIDS AND ITS BEARING ON THE 
STRUCTURE OF CELLOBIOSE. 


By P. A. LEVENE anp M. L. WOLFROM.* 


(From the Laboratortes of The Rockefeller Institute for Medical Research, 
New York.) 


(Received for publication, March 10, 1928.) 


A systematic study of the structure of disaccharides was under- 
taken under the incentive of the St. Andrews School, which, under 
the leadership of Purdie has developed the method of methyla- 
tion of polyhydric aicohols and of sugars. Over 25 years have 
passed since the method was introduced, and even to-day, there 
is no complete harmony between the views of individual workers 
on the structure of the common disaccharides. 

In 1926 Géza Zemplén emphasized the necessity of introducing 
less drastic methods than those of the St. Andrews School for the 
study of the structure of disaccharides. Zemplén then sug- 
gested a way of progressive degradation of aldobioses until a sub- 
stance was obtained which no longer was capable of forming an 
osazone. It was then assumed by him that in the latter substance 
the hydrogen of the hydroxyl of carbon atom (2) was substituted 
by the second sugar radicle. The method undoubtedly is very 
important and ingenious. It has, however, one weak point; 
namely, that the final conclusion rests on a negative result, which 
sometimes may be accidental. 

A still simpler method was suggested by Levene which is based 
on the observation of Levene and Simms! that each non-substi- 
tuted sugar acid in solution passes into < 1,4 > and <1, 5> lac- 
tones, and that the velocity of formation of each lactone is a 
function of the ring structure. With this information the structure 


* National Research Fellow in Chemistry. 
1 Levene, P. A., and Simms, H.S., J. Biol. Chem., 1925, Ixv, 31. 
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of a disaccharide can be determined from observations on the 
mutarotation of the bionic acid obtained on oxidation of the disac- 
charide and of the bionic acid obtained on removing carbon atom 
(1) from the original disaccharide. The argument may be best 
illustrated by the following figures. 


COOH. ------ 7 
| 
HCOR HCOH ------- 5 
| | 
| | les | 
HCOH —--- HCOH-----~ HCOH 
| | | 
HCOH-------- 4 HCOH-------- 4 HCOH--- = | 
| | ! 
CH.0H CH:.0H CH.OH ------ J 
The hexonic acid Both the hexonic acid and the cor- 
gives two lactones. responding pentonic acid give two 7 
It cannot be de- lactones. i 
graded to a pentose. ‘ 
I. IT. 
é 
COOH --— COOH 
| | | ! 
COOH------5 HCOH | COOH----, 
HCOH HCOH HCOH HCOH | 
HCOR | HCOR | HCOH --- HCOH 
| | | | 
HCOH----) HCOH----- |  HCOR HCOR 
| | | | 
CH.OH CH.OH CH.OH-- -- 
The hexonic acid gives one lactone, The hexonic acid gives one 1 
< 1, 5 >, and the corresponding pen- lactone, < 1,4 >, and the cor- rt 
tonic acid two lactones. responding pentonic acid one } 


lactone, < 1,5>. 
ITI. IV. 
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COOH------5 

ame | COOH --+ 
| | CON | 
HCOH -----»  HCOH 


The hexonie acid gives two lac- 
tones and the corresponding pentcnic 
acid only one, <1,4>. 


V. 


The work on this plan was begun by Levene and Sobotka? 
in 1926 and was continued by Levene and Wintersteiner* in 1927. 
The present investigation on the structure of cellobiose was begun 
in 1927 prior to the publication of the article of Haworth, Long, 
and Plant. From Tables I to IV and from Figs. 1 and 2 it is 
seen that cellobionic and the corresponding glucose pentonic 
acids behave like the substance of formula (III) and that therefore 
in cellobiose the reducing sugar is substituted in position (4). 
This conclusion is in harmony with those of Zemplén,® Irvine,‘ 
and Haworth, Long, and Plant. 

In the course of the present work an improvement was intro- 
duced in the purification of a-cellobiose octaacetate, a procedure 
was given for obtaining the oxime of cellobiose in crystalline 
form, an improvement was introduced in the method of the con- 
version of the oxime into the nitrile octaacetate, a procedure was 
given for the preparation of the calcium salt of glucoarabonic acid 
in crystalline form, and also a procedure was developed for the 
preparation of basic lead acetate suitable for the precipitation of 
bionic acids and for some monocarboxylic sugar acids. 


? Levene, P. A., and Sobotka, H., J. Biol. Chem., 1926-27, Ixxi, 471. 

3 Levene, P. A., and Wintersteiner, O., J. Biol. Chem., 1927, Ixxv, 315. 

‘ Haworth, W. N., Long, C. W., and Plant, J. H. G., J. Chem. Soc., 1927, 
exxxi, 2809. 

’ Zemplén, G., Ber. chem. Ges., 1926, lix, 1254. 

6 Irvine, J. C., Chem. Rev., 1927, iv, 203. 
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EXPERIMENTAL. 


Preparation of Calcium Cellobionate. 


Crude a-cellobiose octaacetate, prepared from cellulose, was 
recrystallized several times from a mixture of 1 part of glacial 
acetic acid and 5 parts of 96 per cent alcohol. The addition of the 
acetic acid requires the use of less alcohol and gives about the same 
yield as when alcohol alone is used. The first recrystallization was 
easily effected by dissolving the material in 12 parts of the hot 
solvent mixture instead of the 30 parts required when alcohol 
alone is used. Further recrystallizations require the higher amount 
of solvent. The purified material showed a melting point of 222.5° 
and the following specific rotation in chloroform. 


+ 3.23° 100 
aj, = 
2 X 4.02 


= + 40.2°. 


Hudson and Johnson’ give the m.p. 229.5° and’ [a]; = + 41° in 
chloroform for highly purified a-cellobiose octaacetate. 

The octaacetate was deacetylated with sodium methylate ac- 
cording to the method of Zemplén’ and the sugar recrystallized 
from alcohol and water. This material, dried in a vacuum oven, 
showed a specific rotation 13 minutes after solution of +22° and 
a final equilibrium value in water as follows: 


2 + 1.55° 100 
aj, = 
1 X 4.438 


= + 35.0°. 


Hudson and Yanovsky® give the equilibrium value +35° for 
pure cellobiose and the value +26° 10 minutes after solution. 
Cellobionic acid and a number of its salts were first prepared 
in amorphous condition by Maquenne and Goodwin.? We em- 
ployed the general method of Willstiitter and Schudel as modified 
by Goebel!® in oxidizing cellobiose to the bionic acid. 18 gm. (1 


7 Hudson, C. S., and Johnson, S. M., J. Am. Chem. Soc., 1915, xxxvil, 
1276. 

® Hudson, C. 8., and Yanovsky, E., J. Am. Chem. Soc., 1917, xxxix, 1035. 

* Maquenne, L., and Goodwin, W., Bull. Soc. chim., 1904, xxxi, 854. 

© Goebel, W. F., J. Biol. Chem., 1927, Ixxii, 801. 
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mol) of cellobiose were dissolved in 700 cc. of a solution containing 
27 gm. (2 mols) of iodine and 50 gm. of barium iodide. To this 
was added over an interval of 5 to 10 minutes, with mechanical 
stirring, a solution of 50 gm. (3 mols) of barium hydrate in 800 cc. 
of water. The solution was allowed to stand 15 minutes, after 
which a solution of 18 ce. of concentrated sulfuric acid in 130 ce. 
of water was added under strong mechanical stirring. This was 
followed by the immediate addition of 220 gm. of washed basic 
lead carbonate. Under continual stirring the solution soon be- 
came neutral to Congo red. The precipitate was allowed to settle, 
filtered on a prepared bed of kieselguhr and charcoal, and the 
filtrate concentrated under reduced pressure to about 400 cc. 
The solution was filtered from the separated lead iodide; most of 
the lead was removed with sulfuric acid and the iodide ion with 
silver sulfate. After filtration, the remaining lead and_ silver 
were removed with hydrogen sulfide, the hydrogen sulfide by air, 
and the solution again filtered. In the filtrate the excess sulfate 
ion was removed quantitatively with barium hydroxide and the 
solution filtered. The filtrate was shaken with an excess of well 
washed, precipitated caletum carbonate for 15 minutes. Short 
boiling completed the formation of the calcium salt. The solution 
was cooled, filtered, and concentrated under reduced pressure to a 
thin syrup. This was poured into 12 to 15 volumes of anhydrous 
methyl aleohol. The salt precipitated as a dense, amorphous 
solid. ‘This was taken up in about 3 times its weight of water and 
precipitated as a syrup by the addition of 14 volumes of 96 per 
cent alcohol. The supernatant liquid was decanted, the residue 
dissolved in a small amount of water, and poured into 10 to 15 
volumes of absolute methyl alcohol. This procedure was repeated. 
Due to the high solubility of this salt, only 2.5 gm. of purified 
material were obtained. This, as well as the cadmium and barium 
salts, resisted repeated attempts at crystallization. The salt 
analyzed as follows: 


6.499 mg. substance: 11.65 mg. CaSOQx. 
0.1456 gm. dried substance: 0.2028 gm. CO, and 0.0720 gm. H:0. Mois- 
ture, 7.30 per cent. | 
Ca(Ci2Hs032)2. Caleulated. C 38.18, H 5.61, Ca 5.31. 
Found. ‘* 37.98, ‘‘ 5.53, “ 5.30. 
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676 Cellobionic and Glucoarabonie Acids 
The salt was kept in a weighed container over calcium chloride a 
and subsequent weighings were corrected for a slow loss of mois- t 
ture. ( 
TABLE I. 1 
Changes in Rotation of 0.090 N Cellobionic Acid Solution. s 
Experiment 1. Experiment 2. d 
l= 2dm.,t = 22°,X = 5892 A. l=4dm., ¢ = 23°, \ = 5892 A. 
Time. a | [ a lo Time. ce [a 1, 
min. degrees degrees min. degrees degrees 
2 —0.21 3.2 2 —0.35 
6 —0.15 —2.3 6 i «$3 B 
8 —0.14 —2.2 —0.30 —2.3 
15 —0.12 —1.9 23 —0.15 —3.2 
30 —0.09 —1.4 32 —0.06 —0.5 
45 —0.04 —0.6 45 —0.02 —0.2 
hrs hrs. 
1 +0.02 +0.3 1 +0.03 +0.2 
3 +0.05 +0.8 2 +0.09 +0.7 
4 +0.05 +0.8 4 +0.13 +1.0 
6 +0.05 +0.8 6 +0.13 +1.0 
20 +0.06 +0.9 24 +0.14 +1.1 
TABLE IL. 
Titration of 1.00 Cc. of 0.090 N Cellobionic Acid Solution with 0.1 N 
Sodium Hydroxide. 
Experiment 1. Experiment 2. 
t = 22° = 23° 
Time. 0.1N NaOH. Time. 0.1 NaOH. 
brs. ce. hrs. ce. 
1 0.90 1 0.90 
2 0.89 rs 
5 0.89 5 0.90 w 
0.90 
20 0.89 23 0.91 In 
— e) 
. ce 
M utarotation and Titration Experiments. di 
A weight of 0.9020 gm. of calcium cellobionate containing 5.44 pI 
per cent of water, thus corresponding to 0.8529 gm. of dry sub- ar 
stance, was dissolved in about 15 ec. of water. The calculated ti 
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amount, 4.52 + 0.01 ec. of 0.5 N hydrochloric acid was added and 
the solution quickly made up to 25.00 ce. The solution was thus 
0.0905 n. The change in rotation was observed and samples of 
1.00 cc., obtained with an accurate micro pipette, were titrated at 
suitable intervals with 0.1 N sodium hydroxide (phenolphthalein) 
delivered from a micro burette. Care was exercised that the water 
used in the experiments did not contain sufficient carbon dioxide 
to influence the end-point. The data are recorded in Tables I and 
II and the polarimetric change obtained is plotted in Fig. 1. 

The interpolated initial value for the specific rotation of’the 
free acid is —3.6°. At the time of the last reading the solution 
gave no reduction with Fehling’s solution, showing that no appar- 
ent hydrolysis had taken place. 
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Fic. 1. <1,5> lactone formation of cellobionic acid. Experiment 1. 


Preparation of Calcium Glucoarabonate from Cellobiose. 


I. Preparation of Crystalline Cellobiose Oxime.—For the prepa- 
ration of glucoarabinose the procedure of Zemplén> was followed 
with some modification. We were able to prepare cellobiose oxime 
in crystalline condition. The procedure of Zemplén was followed 
except that we used pure (99 per cent by Raschig’s reduction pro- 
cedure) hydroxylamine hydrochloride and removed the excess hy- 
droxylamine, after oxime formation, by distillation under reduced 
pressure, in the presence of solid calcium carbonate to neutralize 
any acidity. The quantities used by Zemplén in the decomposi- 
tion of the hydrochloride with sodium methylate leave the former 
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in slight excess. The crude residue was dried by distillation 
with absolute alcohol. On nucleation the material crystallized. 
This material was then stirred with warm 96 per cent alcohol, 
cooled in an ice-salt mixture, filtered, washed with absolute 
alcohol, and dried. For the purposes of the next step this 
material is sufficiently pure. A product more nearly pure was 
obtained as follows: The crude evaporated product from 45 gm, 
of cellobiose was dissolved in 3 to 4 times its weight of water, 
decolorized at room temperature, and filtered. ‘To the filtrate ace- 
tone was added with stirring to opalescence. The solution was 
then nucleated and allowed to stand, first at room temperature and 
then for some time in the refrigerator. It was filtered, washed with 
80 per cent acetone, and then with pure acetone. A weight of 24.2 
gm., m.p. 122—123°, was so obtained. The mother liquor was 
concentrated to 50 ec. and the procedure repeated, 8.2 gm. of prod- 
uct melting at 119-120° being obtained. ‘The filtrate was con- 
centrated to a thin syrup and treated with hot 96 percent alcohol 
to slight turbidity, nucleated, and kept overnight in the refrigera- 
tor. A further quantity of 1.5 gm. of product melting at 119-120° 
was obtained, making a total yield of 76 per cent. 

Cellobiose oxime crystallizes in plates, is very soluble in water, 
slightly soluble in cold methyl and ethyl alcohols, moderately 
soluble in warm methyl and ethyl alcohols, and insoluble in ace- 
tone, ether, benzene, ethyl acetate, and petroleum ether (40-60°). 
On one recrystallization from 80 per cent ethyl alcohol the material 
melted at 123-125°. A second recrystallization from the same sol- 
vent gave material melting at 123-125° and having [a]? = —26.1° 
(1.0313 gm. of substance, 25 cc. of aqueous solution, a = —2.15°, 
2 dm. tube) in aqueous solution, changing at a very slow rate in 
the dextro direction. A third recrystallization gave material 
melting at 123-125° and showing the initial [a], = —26.1° 
(1.1131 gm. of substance, 25 ec. of aqueous solution, a = —2.32°, 
2dm. tube). This purified material analyzed as follows: 


5.310 mg. substance: 0.185 cc. N2 (760 mm., 24°). 
Caleulated. N 3.92. 
Found. “4.00. 


II. Preparation of Cellobionie Acid Nitrile Octaacetate—The 
procedure of Zemplén calls for the acetylation of the syrupy oxime 


— a“ wre 4 Th 


C 
| 
d 
CC 
i0 
in 
al 
CO 
a 
id 


¢ 


P. A. Levene and M. L. Wolfrom 679 


reaction mixture and in our experience always produced a violent 
reaction with loss of material and resin formation. With the 
crystalline oxime this reaction may be easily controlled by the 
following procedure. A mixture of 140 cc. of acetic anhydride and 
21 gm. of fused sodium acetate was heated in an oil bath to 110°. 
The crystalline oxime (21 gm.) was then added in small portions. 
Reaction began immediately and the mixture was removed from 
the oil bath. The addition was continued, the rate being regulated 
so as to maintain the mixture at 110—115°, and the reaction’s own 
heat being utilized. The addition required about half an hour and 
was followed by 1 hour of heating at 110°. The preparation was 
finished according to the directions of Zemplén, the recrystallized 
product meting at 132° in agreement with Zemplén. It is sug- 
gested for similar procedures with other sugars that, where the 
oxime does not crystallize, it be added gradually to the acetylating 
mixture in the form of an amorphous powder. 

III. Preparation of Calcium Glucoarabonate from Glucoarabinose 
Heptaacetate.—Glucoarabinose heptaacetate was prepared from 
cellobionic acid nitrile octaacetate according to the directions of 
Zemplén. The recrystallized material melted at 194° and showed 
the following rotation in chloroform. 


2 1.20° X 100 
Zemplén records the melting point of 196° and [a]; = —16.95° 


in chloroform solution. 12.5 gm. of the acetylated sugar were 
deacetylated according to the directions of Zemplén and the 
resulting solution of sugar and sodium acetate concentrated to 40 
cc. to remove methyl alcohol. This solution was oxidized to the 
aldobionic acid by exactly the same procedure as was previously 
described for the preparation of cellobionic acid. The amounts 
of oxidizing reagents used were 19 gm. of iodine, 37 gm. of barium 
iodide in 500 cc. of water, and 46 gm. of purified barium hydrate 
in 725 ec. of water, 12 minutes being taken for the addition of the 
alkali. After removal of the silver and lead ions, the solution 
containing the oxidation product together with a considerable 
amount of sodium acetate was neutralized with barium hydrox- 
ide solution until the solution was just acid to litmus. The 
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in slight excess. The crude residue was dried by distillation 
with absolute alcohol. On nucleation the material crystallized. 
This material was then stirred with warm 96 per cent alcohol, 
cooled in an ice-salt mixture, filtered, washed with absolute 
alcohol, and dried. For the purposes of the next step this 
material is sufficiently pure. A product more nearly pure was 
obtained as follows: The crude evaporated product from 43 gm. 
of cellobiose was dissolved in 3 to 4 times its weight of water, 
decolorized at room temperature, and filtered. To the filtrate ace- 
tone was added with stirring to opalescence. The solution was 
then nucleated and allowed to stand, first at room temperature and 
then for some time in the refrigerator. It was filtered, washed with 
80 per cent acetone, and then with pure acetone. A weight of 24.2 
gm., m.p. 122-123°, was so obtained. The mother liquor was 
concentrated to 50 ec. and the procedure repeated, 8.2 gm. of prod- 
uct melting at 119-120° being obtained. The filtrate was con- 
centrated to a thin syrup and treated with hot 96 percent alcohol 
to slight turbidity, nucleated, and kept overnight in the refrigera- 
tor. A further quantity of 1.5 gm. of product melting at 119-120° 
was obtained, making a total yield of 76 per cent. 

Cellobiose oxime crystallizes in plates, is very soluble in water, 
slightly soluble in cold methyl and ethyl alcohols, moderately 
soluble in warm methyl and ethyl alcohols, and insoluble in ace- 
tone, ether, benzene, ethyl acetate, and petroleum ether (40-60°). 
On one recrystallization from 80 per cent ethyl alcohol the material 
melted at 123—125°. A second recrystallization from the same sol- 
vent gave material melting at 123-125° and having [a]? = —26.1° 
(1.0313 gm. of substance, 25 ec. of aqueous solution, a = —2.15°, 
2 dm. tube) in aqueous solution, changing at a very slow rate in 
the dextro direction. A third recrystallization gave material 
melting at 123-125° and showing the initial [a], = —26.1° 
(1.1131 gm. of substance, 25 cc. of aqueous solution, a = —2.32°, 
2dm. tube). This purified material analyzed as follows: 


5.310 mg. substance: 0.185 cc. N2 (760 mm., 24°). 
Calculated. N 3.92. 
Found. “4.00. 


II. Preparation of Cellobionic Acid Nitrile Octaacetate.—The 
procedure of Zemplén calls for the acetylation of the syrupy oxime 


| 
C 
d 
CC 
al 
0] 
io 
in 
CC 
a 
id 


“ 


- 


P. A. Levene and M. L. Wolfrom 679 


reaction mixture and in our experience always produced a violent 
reaction with loss of material and resin formation. With the 
crystalline oxime this reaction may be easily controlled by the 
following procedure. <A mixture of 140 ce. of acetic anhydride and 
21 gm. of fused sodium acetate was heated in an oil bath to 110°. 
The crystalline oxime (21 gm.) was then added in small portions. 
Reaction began immediately and the mixture was removed from 
the oil bath. The addition was continued, the rate being regulated 
so as to maintain the mixture at 110—115°, and the reaction’s own 
heat being utilized. The addition required about half an hour and 
was followed by 1 hour of heating at 110°. The preparation was 
finished according to the directions of Zemplén, the recrystallized 
product melting at 132° in agreement with Zemplén. It is sug- 
gested for similar procedures with other sugars that, where the 
oxime does not crystallize, it be added gradually to the acetylating 
mixture in the form of an amorphous powder. 

III. Preparation of Calcium Glucoarabonate from Glucoarabinose 
Heptaacetate.—Glucoarabinose heptaacetate was prepared from 
cellobionic acid nitrile octaacetate according to the directions of 
Zemplén. The recrystallized material melted at 194° and cowed 
the following rotation in chloroform. 

1.20° < 100 


22 
2X 4.42 


Zemplén records the melting point of 196° and [a]; = —16.95° 
in chloroform solution. 12.5 gm. of the acetylated sugar were 
deacetylated according to the directions of Zemplén and the 
resulting solution of sugar and sodium acetate concentrated to 40 
cc. to remove methyl alcohol. This solution was oxidized to the 
aldobionic acid by exactly the same procedure as was previously 
described for the preparation of cellobionic acid. The amounts 
of oxidizing reagents used were 19 gm. of iodine, 37 gm. of barium 
iodide in 500 cc. of water, and 46 gm. of purified barium hydrate 
in 725 cc. of water, 12 minutes being taken for the addition of the 
alkali. After removal of the silver and lead ions, the solution 
containing the oxidation product together with a considerable 
amount of sodium acetate was neutralized with barium hydrox- 
ide solution until the solution was just acid to litmus. The 
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barium sulfate was removed by filtration and the filtrate concen- 
trated under reduced pressure at 40° to a volume of 40 cc. A 
saturated solution of basic lead acetate was added to the solution 
until no further precipitation occurred. The voluminous precipi- 
tate so obtained was filtered and washed with a small amount of 
very cold water. To the filtrate barium hydroxide was added and 
a further quantity of precipitate obtained, which was combined 
with the first. 

Fischer and Meyer" used basic lead acetate in the preparation 
of maltobionic acid. They stated that the common form of basic 
lead acetate did not precipitate the acid and described a method of 
preparing a basic compound suitable for this purpose. We were 
unable to obtain active material by repeating their procedure. 
The right form of basic lead acetate may easily be prepared in 
crystalline condition by adding barium hydroxide to a solution of 
ordinary basic lead acetate until a precipitate just begins to 
form. The solution is then concentrated until a separation of the 
active basic lead acetate in well formed needles takes place. 
These are removed by filtration. 

The combined precipitates of the basic lead salt of the sugar 
acid were suspended in about 500 cc. of water and hydrogen sulfide 
passed into the solution. The solid material was filtered, ground 
in a mortar, and resuspended in the original solution, and again 
treated with hydrogen sulfide. This process was repeated once. 
The solution was filtered from the lead sulfide and the hydrogen 
sulfide removed from the filtrate with a current of air. A trace 
of barium was removed with sulfuric acid and the most of a small 
amount of acetic acid present removed by repeated extraction with 
a considerable volume of chloroform. The filtered solution was 
shaken with an excess of precipitated and washed calcium carbon- 
ate for 15 minutes, boiled 8 minutes, and allowed to stand over- 
night. After filtration, the solution was concentrated at 40° 
to a thin syrup and this poured into 10 to 15 volumes of absolute 
methyl alcohol. The amorphous material was dissolved in water 
and a mixture of methyl alcohol and acetone added to opalescence. 
On heating this mixture the material crystallized in radiating 
clusters of needles. The recrystallization process was repeated, 


11 Fischer, E., and Meyer, J., Ber. chem. Ges., 1889, xxii, 1941. 
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TABLE III. 
Changes in Rotation of 0.112 N Glucoarabonic Acid Solution. 
l= 4dm. » = 5892 A 

Time. a [ a a Time. a [ a i 
min degrees aegrees min degrees degrees 
2.5 +2 .94 +20.0 
5 2.87 19.5 

7.5 2.84 19.3 6 +2.75 +18.7 

10 2.82 19.2 10 2.74 18.6 
15 2.78 18.9 15 2.69 18.3 

30 2.71 18.4 30 2.62 17.8 
45 2.68 18.2 45 2.56 17.4 
hrs. hrs. 

1 2.63 17.9 1 2.54 17.3 
1.5 2.56 17.4 1.5 2.51 17.1 
2 2.51 17.1 2 48 16.9 
2.5 2.48 16.9 

3 2.50 17.0 3 2.42 16.5 
4 2.52 17.1 

5) 2.54 17.3 5 2.51 17.1 
6 2.57 17.5 7 2.55 17.3 

10 2.65 18.0 

23 2.82 19.2 24 2.86 19.4 

29 2.91 19.8 

TABLE IV. 


Titration of 1.00 Cc. of 0.112 N Glucoarabonic Acid Solution with 0.1 N 
Sodium Hydroxide. 


Experiment 1. Experiment 2. 
t = 22° t = 23° 

Time. 0.1. NaOH. Time. NaOH. 

hrs. ce. hrs cc. 

0.5 1.10 

1 1.10 

2 1.07 1.5 1.10 

4 1.05 5.5 1.05 
10 1.03 
30 0.89 24 0.86 


The permanent titer found by titrating the hot solution was 1.13 cc. 
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5 gm. of material being obtained. The analytical results of the 
material dried first at 100° and then at 110° under reduced pressure 
over sulfuric acid indicated that it still contained 1 molecule of 
water. This behavior is similar to that of the crystalline calcium 
galactoarabonate obtained by Levene and Wintersteiner.’ 


0.1078 gm. substance: 0.0088 gm. CaO. 


0.1046 “ “ 0.1424 “ CO, and 0.0514 gm. HO. 
Ca(Cy1H9011)2>H20. Calculated. C 37.06, H 5.66, Ca 5.63. 
+2109 
+20.0 
+19.0° 
8, 
180 


12° 4 6 12 16 20 24 28 32 
Fig. 2. <1,5> and <1,4> lactone formation of glucoarabonie acid. 


Experiment 1. 


The rotation of the calcium salt was as follows: 


2 + 0.27° X* 100 
al, = 
1 X 1.88 


= + 14.4°. 


Another preparation gave the following result. 


_ +.0.43° x 100 


= 14.2°. 
1 X 3.03 


Mutarotation and Titration Experiments. 


A weight of 1.000 gm. of calcium glucoarabonate containing no 
water other than the molecule of water of crystallization, was dis- 
solved in about 15 ec. of water. The calculated amount, 5.61 + 
0.01 ec., of 0.5 N hydrochloric acid was added and the solution 
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quickly made up to 25.00 cc. The solution was thus 0.1123 N. 
The change in rotation was observed and samples of 1.00 cc. ti- 
trated at suitable intervals with 0.1 N sodium hydroxide (phenol- 
phthalein) as described with cellobionic acid. The first end- 
point obtained was recorded. The data obtained are listed in 
Tables III and IV and the polarimetric change is plotted in Fig. 2. 

The interpolated initial value for the specific rotation of the free 
acid is +21°. At the time of the last reading a sample of the 
solution containing 30 to 40 mg. of the sugar acid gave no re- 
duction with Fehling’s solution, showing that no apparent hydrol- 
ysis had taken place. 
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STUDIES IN POLYMERIZATION AND CONDEN- 
SATION.* 


II. PRODUCTS OF INTERREACTION OF POTASSIUM ACETATE 
AND EPICHLOROHYDRIN. 


| By P. A. LEVENE anv A. WALTI. 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York.) 


(Received for publication, March 30, 1928.) 


Many voices have been raised recently against the indiscriminate 
use of the term “‘polymerization.”’ The same term is applied to 
processes of simple aggregation of molecules and to processes of 
condensation through forces of primary valence.! 

The confusion in the use of the term is most striking in its appli- 
cation to ethylene oxidic structures. Thus, even in the third 
edition of Houben’s “‘Die Methoden der organischen Chemie,’” 
we find under the same head the process of condensation of ethy- 
lene oxide under the influence of zine chloride or of potassium 
hydroxide and the spontaneous association of 2 molecules of half 
acetals of hydroxyaldehydes or of hydroxyketones, such as 


O CH, 


CH; CH—OC:H; and CH, 


OCH; 


In part the confusion is undoubtedly due to the fact that much 
of the work in this field dates far in the past when the experimental 
material was not large and when the details-of the structures of 
the so called polymers remained unknown. 


* The first paper of the series is entitled ‘‘On Condensation Products of 
Propylene Oxide and of Glycidol,’’ Levene, P. A., and Walti, A., J. Biol. 
Chem., 1927, Ixxv, 325. 

1 Schroeter, G., Ber. chem. Ges., 1916, xlix, 2697; 1920, liii, 1917. Staud- 
inger, H., Ber. chem., Ges., 1920, liii, 1073. Bergmann, M., Ann. Chem., 1927, 
edlii, 121. 
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686 Polymerization and Condensation. II 


The reasons for our undertaking the task of clearing up the 
structure of the group of ethylene oxidic polymers was given in 
the first article of this series.2. In that place were described the 
condensation products of propylene oxide and of glycidol formed 
under the simplest conditions. 

In the present article are described the substances which are 
formed through the action of dry potassium acetate on epichloro- 
hydrin. The statement was made by Breslauer*® that under these 
conditions in addition to glycidol acetate a polymer of glycidol 
was formed. The directions of this author were followed in our 
experiments. 

By means of fractional distillation the following substances were 
isolated from the reaction product. 

1. Acetylglycidol. 

2. Diacetin. 

3. Diacetylglycerylglycidol. 

O 


4. Triacetyldiglycerylglycidol. 


CH:(OCOCH;)-CH(OCOCH;) -CH2:—O —CH2-CH(OCOCHs) -CH:—O—CH.CH —CH; 


5. Higher condensation products. 

Each of these products was identified by its carbon and hydro- 
gen content, by its saponification value, and by its molecular 
weight. The acetyl derivatives were then deacetylated and the 
free substances were analyzed and then reacetylated. 

Thus, under the above mentioned conditions, acetylglycidol has a 
tendency to condense into di- and polymolecular substances in the 
same manner as free glycidol. 


EXPERIMENTAL. 
Experiment 1. 


To 200 gm. of finely pulverized dry potassium acetate were 
added 150 gm. of freshly distilled epichlorohydrin (b.p. 115-116°). 


2 Levene, P. A., and Walti, A., J. Biol. Chem., 1927, Ixxv, 325. 
3 Breslauer, M., J. prakt. Chem., 1879, xx, 188. 
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This mixture was heated for 27 hours, with shaking at intervals, 
in an oil bath, under a reflux condenser provided with a calcium 
chloride tube. The temperature was maintained at 120—1385° for 
the greater part of the time, but toward the end of the experiment 
it was allowed to rise to 150°. After cooling, the reaction product 
was extracted with dry ether. The ether was removed by distilla- 
tion and the residue was fractionated into ten fractions. 


I. 112-135°, at ordinary pressure; mostly unchanged epichloro- 
hydrin; about 35 gm. 
II. 45~- 73°, at 25 mm.; mixture of epichlorohydrin and giycidol 
acetate; 18 gm. 
III. 74 76°, at 25 mm., glycidol acetate; 35 gm. 
IV. 45- 97°, 0.5 to i mm.; 8 gm. 
V. 96-100°, ‘‘ 0.5mm.;diacetin; 8 gm. 
VI. 102-111°, ‘0.5 “ 2 gm. 
VII. 114-125°, “ diacetylglycerylglycidol; 6 gm. 
VIII. 130-140°, “0.5 “ 2 gm. 
IX. 188-155°, “0.2 “ 2 “ 
X. 153-165", “0.2 “ 8 “ 


Fraction V.—This fraction was redistilled and the part boiling 
at 87--93°, at 0.03 to 0.05 mm., was analyzed. It had the composi- 
tion of diacetin. 


0.0841 gm. substance: 0.1474 gm. CO» and 0.0534 gm. H.0O. 
C;H12.0s5. Calculated. C 47.70, H 6.87. 


Saponification Number.—0.2674 gm. of substance was refluxed 
with 10 ce. of 0.56 N KOH for 3 hours. 19.1 ec. of 0.1 N HCI were 
required for neutralization. 


Saponification No. Calculated. 637. Found. 648. 


Molecular Weight Determination by Method of Menzies and 
Wright.A—(1) 0.2171 gm. of substance dissolved in 29.7 cc. of ben- 
zene (b.p. 80.0°, at 755 mm.) gave an elevation of 27 mm. on the 
differential thermometer. (II) 0.3493 gm. of substance dissolved 


* Menzies, A. W. C., and Wright, S. L., Jr., J. Am. Chem. Soc., 1921, xliii, 
2314. 
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in 31.0 cc. of benzene (b.p. 80.5°, at 763 mm.) gave an elevation of 
42 mm. on the differential thermometer. 


Molecular weight. Calculated. 176. Found. I. 178. 
II. 176. 


Hydrolysis of Fraction V.—This substance was hydrolyzed in the 
following manner. 6 gm. of the material were refluxed over a free 
flame with 30 cc. of 5 per cent sulfuric acid. The acetic acid thus 
formed was extracted by means of ether in a continuous extraction 
apparatus. The operation was continued 5 hours. From the 
remaining aqueous solution the sulfuric acid was removed quan- 
titatively by means of a solution of barium hydroxide. The 
filtrate was then concentrated under reduced pressure and the 
residue distilled at 130°,at0.9mm. Yield 2 gm. The substance 
had the composition of glycerol. 


0.1028 gm. substance: 0.1480 gm. CO: and 0.0813 gm. H.0. 
C;:H;03;. Calculated. C 39.13, H 8.67. 
Found. ‘* 39.26, “ 8.84. 


Acetylation of the Non-Hydrolyzed Substance.—To 3.2 gm. of the 
above described reaction product (diacetin) were added 10 ce. 
of acetic anhydride and the mixture was refluxed for 34 hours. 
The excess of the anhydride and acetic acid was removed under 
reduced pressure (10 to 15 mm.). The fraction boiling from 96- 
98°, at 1.0 mm., was collected. It weighed 1.8 gm. and analyzed 
for triacetin. 


0.0799 gm. substance: 0.1446 gm. CO: and 0.0464 gm. H,0. 
C;Hs(OCOCHs);3. Calculated. C 49.54, H 6.42. 
Found. ** 49.35, “ 6.49. 


Saponification Number.—0.2156 gm. of substance was refluxed 
for 3 hours with 10.0 cc. of 0.46N KOH. 21.1 cc. of 0.1 N HCl were 
required for neutralization. 


Saponification No. Calculated. 772. Found. 752. 


Fraction VII.—This fraction (representing diacetylglyceryl- 
glycidol) was redistilled and the part boiling at 110—114°, at 0.1 
mm., was collected. It analyzed as follows: 


4.351 mg. substance: 8.310 mg. CO, and 2.785 mg. H.0. 
Calculated. C 51.73, H 6.89. 
Found. 52.08, “ 7.16. 
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Saponification Number.—0.3139 gm. of substance was refluxed 
for 3 hours with 15 ce. of 0.5 n KOH and 10 ce. of distilled water. 
49.1 cc. of 0.1 N HCl were required for neutralization. 


Saponification No. Calculated. 484. Found. 463. 


Molecular Weight Determination by Method of Menzies and 
Wright.—30.0 ee. of benzene (b.p. 79.8°, at 749 mm.). 


Weight of substance. Molecular weight. 
gm. mm. 
0.1113 10 237 
0.2431 22 236 
0.3836 234 
0.5633 51 235 


Molecular weight calculated, 232. 


Hydrolysis of the Substance into Diglycerol.—6 gm. of this sub- 
stance were refluxed for 6 hours with 30 ec. of 5 per cent sulfuric 
acid and 10 ce. of water. The solution was worked up as de- 
scribed above. After neutralization with barium hydroxide the 
filtrate was concentrated and the viscous residue distilled at 
196-197°, at 0.5 to 0.6 mm. The yield was 3 gm. of diglycerol. 
The substance analyzed as follows: | 


4.589 mg. substance: 7.370 mg. CO: and 3.565 mg. H.0. 
Calculated. C 43.35, H 8.49. 
Found. ** 43.79, “ 8.69. 


Crystalline Diacetylglycerylglycidol from Fraction VII.—On 
standing for several weeks a crystalline deposit appeared in this 
fraction. The crystals were filtered off and recrystallized three 
times from benzene to which a little ligroin was added. After 
drying at 80°, under reduced pressure, for 14 hours the substance 
melted at 125°. It analyzed as follows: 


5.940 mg. substance: 11.290 mg. CO: and 3.800 mg. H.0. 
CioHicO¢. Calculated. C 51.73, H 6.89. 
Found. ‘* 51.83, “ 7.15. 
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Saponification Number.—0.0887 gm. of substance was refluxed 
for 15 hours with 40 ec. of 0.1 N KOH. 32.4 ce. of 0.1 n HCl 
were required for neutralization. 


Saponification No. Calculated. 484. Found. 481. 


Molecular Weight Determination by Method of Menzies and 
Wright.—31.5 ec. of benzene (b.p. 80.0°, at 758 mm.). 


iden Molecular weight. 
gm, mm. 
0.1454 13 29 
0.2710 24 


Molecular weight calculated, 232. 


Fraction X.—7.0 gm. of the substance boiling at 153-165°at 0.2 
mm. pressure were hydrolyzed with 30 cc. of 5 per cent sulfuric 
acid. 3.0 gm. of diglycerol boiling at 192-193° at 0.2 to 0.3 mm. 
were obtained. The analysis was as follows: 


6.950 mg. substance: 11.400 mg. CO, and 5.365 mg. H,0. 
C;H1,0;. Calculated. C 43.35, H 8.49. 
Found. 43.24, “ 8.63. 


Experiment 2. 


In this experiment the time of reaction was extended to 48 hours. 
To 450 gm. of powdered dry potassium acetate were added 370 
gm. of freshly distilled epichlorohydrin. The mixture was heated 
at 125-130° for 24 hours, at 130—-140° for 12 hours, and at 140- 
155° for 12 hours, and then extracted with ether. The ether 
was removed by distillation and from the residue the following 
fractions were obtained. 


I. 110-120°, at ordinary pressure; unchanged epichlorohydrin; 70 gm. 
II. 70- 80°, “ 21 mm.; crude glycidol acetate; 40 gm. 

‘III. 35- 95°, “ 1 “ 6gm. 

V. 108-130°, “0.8 “ 35 “ 

VI. 128-155", “ 0.3 “ 25 “ 


At this point the distillation was interrupted. After 2 hours it 
was resumed. The part which came over at 90°, at 0.3 mm. 
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pressure, contained platelets which continuously increased in size 
until some of the crystals reached the length of 1 inch. They 
were arranged in rosettes in the upper and side parts of the re- 
ceiver. About 12 gm. of substance came over before the tempera- 
ture rose to 165°, at 0.3 mm. (Fraction VII). The final fraction 
boiled at 165~-210°, at 0.2 to 0.5 mm. (Fraction VIII). Some 
decomposition took place at this temperature. The residue 
weighed about 120 gm. It was dark in color and reacted neutral 
to litmus paper, was soluble in benzene, acetone, and alcohol and 
insoluble in ether and water. Inasmuch as the original material 
was soluble in ether, it is possible that this product was formed 
during distillation, although the possibility is not excluded that 
the product was soluble in ether in the presence of the material 
which came over in the other fractions. 

Fraction Boiling from 128-155° (Fraction VI.)—This portion 
was redistilled with the aid of asmall column. From it the follow- 
ing fractions were obtained. 


IX. 104-114°, at 0.2 mm.; 5.3 gm. 


X. 112-114°, “0.1 “ 6.6 “ diacetylglycerylglycidol. 
XI. 130-140°, “0.1 “ 3.6 “ 
XIT. 140-155°, “0.1 “ 3.6 “ 


To the residue was added the portion boiling at 0.2 mm. from 153-— 
165° (Fraction X of Experiment 1). It was then distilled below 
100°, at0.1 mm. 3.5 gm. were collected and at the same time 0.4 
gm. of crystals separated. On continuing the distillation the 
following fractions were obtained. 


XITI. 155-168°, at 0.05 to 0.03 mm.; 5.8 gm. 
XIV. 200-210°, “03 “06 “ 3.7 “ 


Acetylation of Diglycerol.—All fractions boiling between 112~—160°, 
at 0.03 to 0.3 mm., z.e. Fractions VII, VIII, [X, and X of Experi- 
ment 1 as well as Fractions X, XI and XII of Experiment 2, 
yielded diglycerol on acid hydrolysis. There was an indication 
of the presence of a small quantity of glycerol also. The carbon 
content of the higher boiling fractions (130—210°, at 0.2 mm. or 
less) varied little (50 to 51 per cent). 

To 3 gm. of the diglycerol obtained from one of these experi- 
ments were added 15 ce. of redistilled acetic anhydride and the 
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mixture was refluxed for 3 hours. The excess of the anhydride 
was removed under diminished pressure with the aid of a small 
fractional distilling flask. The fraction boiling from 140—153°, 
at 0.05 to 0.1 mm., was collected. It analyzed for tetra- 
acetyldiglycerol. 


5.534 mg. substance: 10.253 mg. CO: and 3.405 mg. H:20O. 
CigH Calculated. C 50.28, H 6. 64. 
Found. ‘* 50.52, “ 6.88. 


Saponification Number.—0.2841 gm. of substance was refluxed 
for 3 hours with 10 ec. of 0.6 N KOH. 16.25 ec. of 0.1 N HCl were 
required for neutralization. | 


Saponification No. Calculated. 671. Found. 666. 


Molecular Weight Determination by Method of Menzies and 
Wright.—30.1 ec. of benzene (b.p. 80.1°, at 758 mm.). 


Llevation on differential 


thermometer. Molecular weight. 


Weight of substance. 


gm, mm. 
0.1576 10 338 
0.3597 23 336 
0.5507 39 338 
0.9522 346 


Molecular weight calculated, 334. 


Fraction XIII.—The fraction boiling from 155-168°, at 0.05 
to 0.03 mm., was very probably a mixture of a larger amount of 
triacetyldiglycerol and an acetylated triglycerol derivative. It 
analyzed as follows: 


0.0885 gm. substance: 0.1622 gm. CO2 and 0.0542 gm. H.0. 
Ci2H2oOs. (Triacetyldiglycerol). Calculated. C 49.30, H 6.55. 
Found. “€ 49.97, “ 6.85. 


Saponification Number.—0.2566 gm. of substance was refluxed 
for 2 hours with 10.5 ce. of 0.6 Nn KOH. 26.5 ec. of 0.1 x HCl 
were required for neutralization. 


Saponification No. Calculated for triacetyldiglycerol. 576. 
Found. 568. 
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Molecular Weight Determination by Method of Menzies and 
Wright.—30.0 ec. of benzene (b.p. 80.6°, at 769 mm.). 


Weight of substance. 


Elevation on differential 
thermometer. 


Molecular weight. 


gm, mm. 
0.2843 22 283 
0.4620 307 
0.6402 44 316 


Molecular weight calculated for triacetyldiglycerol, 292. 


Hydrolysis of Fraction XIII.—3.8 gm. of substance were heated 
gently for 12 hours with 20 cc. of 5 per cent sulfuric acid. The 
reaction product was freed from acetic and sulfuric acids and con- 
centrated. The anhydrous residue weighed 1.9 gm. On distil- 
lation about 0.2 gm. came over at the boiling point of glycerol 
while the main fraction distilled at 176—-180°, at 0.06 mm. The 
analysis was as follows: 


0.1185 gm. substance: 0.1914 gm. CO, and 0.0896 gm. H.0. 
C.Hi,0; (diglycerol). Calculated. C 43.35, H 8.49. 
Found. ‘* 44.04, “ 8.46. 


This would indicate that this fraction represents a mixture of 
di- and triglycerol. 

Fraction XIV.—The fraction boiling at 200—210°, at 0.3 to 0.6 
mm., weighed 3.7 gm. and analyzed as follows: 


0.1068 gm. substance: 0.1996 gm. CO, and 0.0674 gm. H20. 
Found. C50.96, H 7.06. 


Saponification Number.—0.2109 gm. of substance was refluxed 
for 2 hours with 10 ce. of 0.56 N KOH. 31.3 cc. of 0.1 N HCl were 
required for neutralization. Saponification number found, 499. 

Hydrolysis of Fraction XIV.—This substance was hydrolyzed 
with 20 ec. of 5 per cent sulfuric acid as described above. During 
this operation the odor of acrolein was perceived, indicating 
that the material contained some decomposition products of 
glycerol which had been formed by the high temperature of 
the distillation. The acetic and sulfuric acids were removed 
in the manner described above and the remaining solution was 
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concentrated. The anhydrous residue was fractionated by dis- 
tillation. A trace of substance came over at the boiling point of 
glycerol, then a small amount between 200—205°, at 0.1 mm. 
This fraction analyzed for triglycerol. 


0.1072 gm. substance: 0.1852 gm. CO: and 0.0808 gm. H.0. 
CoH2.0;. Calculated. C 45.00, H 8.40. 
Found. ‘* 45.34, “ 8.50. 


Distillation Residue-—This material was a dark viscous mass 
which had a strong odor of acrolein, thus showing that some 
decomposition took place during distillation. The composition 
of the substance was the following. 


0.1094 gm. substance: 0.2100 gm. CO2 and 0.0678 gm. H.20. 
Found. C 52.34, H 6.93. 


Saponification Number.—0.5522 gm. of substance was refluxed 
with 12 ec. of 0.5 N KOH for 3 hours. 19.9 ec. of 0.1 N HCI were 
required for neutralization. Saponification number found, 407. 

Molecular Werght Determination by Method of Menzies and 
Wright.—30.7 cc. of benzene (b.p. 80.2°, at 760 mm.). 


Weight of substance. Molecular weight. 
gm. mom, 
0.5181 10 1095 
1.0354 19 1150 
1.7045 30 1200 
2.3702 » 39 1280 
2.8913 4S 1275 
3.11382 52 1265 


Acetylation of Material—10 gm. of this residue and 28 gm. of 
freshly distilled acetic anhydride were refluxed for 3 hours. The 
low boiling material was removed by distillation, first at re- 
duced pressure (about 10 to 15 mm.) and subsequently at a 
pressure of 0.5 mm., at 230°. The residue analyzed as follows: 


0.0988 gm. sulbstance: 0.1908 gm. CO: and 0.0592 gm. H.0O. 
Found. C 52.66, H 6.70. 
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Saponification Number.—0.2976 gm. of substance was refluxed 
with 10.1 ec. of 0.56 N KOH for 3 hours. 24.4 cc. of 0.1 N HCl were 
required for neutralization. Saponification number found, 493. 

Molecular Weight Determination by Method of Menzies and 
Wright.—30.8 ce. of benzene (b.p.79.6°, at 745 mm.). 


Weight of substance. eee on Molecular weight. 
gm. mm, 
0.5214 10 1075 
0.8218 16 1060 
1.2828 23 1150 
1.9014 36 1090 
2.8051 53 1090 
3.2452 61 1095 


Hydrolysis of Residue-—To 31 gm. of the original residue were 
added 100 cc. of 5 per cent sulfuric acid and the solution was re- 
fluxed for 6 hours. The acetic and sulfuric acids were removed 
by the procedure described above. The hydrolyzed product 
could not be distilled at 0.5 mm. pressure although the outside 
temperature was raised to 230°. At this temperature the sub- 
stance began to decompose. From the analysis and from the 
high boiling point of this product, and from the molecular weight 
determination of the acetate, it may be concluded that the product, 
1s made up of along chain of glyceryl rests, perhaps not less than seven. 
The analysis of the hydrolysate was as follows: 


0.0903 gm. substance: 0.1585 gm. CO and 0.0636 gm. H20. 
Calculated. C 47.00, H 8.27. 
Found. ‘* 47.86, “ 7.88. 


Acetylation of This Hydrolyzed Residue—To 10 gm. of the hy- 
drolyzed residue were added 28 gm. of freshly distilled acetic an- 
hydride and the mixture was refluxed for 3 hours. The product, 
which was worked up as described above, could not be distilled at 
230°, at 0.2to0.4mm. The analysis was as follows: 


0.1003 gm. substance: 0.1887 gm. CO: and 0.0626 gm. H:0. 
C30He202, (Nonoacetylhexaglycerylglycerol). Calculated. C 51.19, H 6.83. 
Found. ‘* 51.30, “ 6.98. 
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Saponification Number.—0.3534 gm. of substance was refluxed 
with 10.05 ec. of 0.6 n KOH for 3 hours. 17.90 ce. of 0.1 N HCl 
were required for neutralization. 


Saponification No. Calculated. 552. Found. 512. 


Molecular Weight Determination by Method of Menzies and 
Wright.—29.8 ec. of benzene (b.p. 80.2° at 760 mm.). 


Weight of substance. Molecular weight. 
gm mm 
1.3126 30 952 
1.6647 38 953 
2.1109 49 937 
2.3965 56 931 
2.8474 67 925 


Molecular weight calculated, 915. 
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THE INFLUENCE OF THE INGESTION OF METHYL 
XANTHINES ON THE EXCRETION OF 
URIC ACID.* 


By VICTOR C. MYERS ann EMMA L. WARDELL. 
(From the Department of Biochemistry, State University of Iowa, Iowa City.) 
(Received for publication, March 8, 1928.) 


The early literature in the field of biochemistry contains the 
records of many investigations as to the effect of ingestion of 
methylated purines, particularly caffeine, on the excretion of uric 
acid, but the methods used were so inexact and the results obtained 
were so contradictory that very little dependence can be placed 
upon them. Some observers found that caffeine increased the 
uric acid of the urine, others found no change whatever in the uric 
acid excretion, but on the whole the greater weight of evidence 
perhaps favored the view that there is no increase in uric acid after 
the ingestion of caffeine. 

About 10 years ago the development of more exact methods 
for the estimation of uric acid again caused attention to be di- 
rected to the effect of ingestion of methylated purines. In 1916 
Benedict (1) and in 1917 Mendel and Wardell (2) published the 
records of investigations which seem to show quite conclusively 
that the ingestion of caffeine is followed by an increase in uric 
acid excretion and that this increase is perhaps caused by the de- 
methylation and subsequent oxidation of at least a part of the 
ingested caffeine. 


*The data here presented are taken in large part from a dissertation 
submitted by Emma L. Wardell to the Graduate College of the State 
University of Iowa, June, 1926, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

These observations were presented before the XIIth International 
Physiological Congress, Stockholm, Sweden, August 5, 1926 (Skand. Arch. 
Physiol., 1926, xlix, 189). 

This investigation has been made with the assistance of a grant from the 
Committee on Therapeutic Research, Council on Pharmacy and Chemistry, 
American Medical Association. 
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For some reason this newer view as to the effect of ingested 
caffeine does not yet appear to have received general acceptance. 
For instance, the most recent edition of Cushny’s Pharmacology 
and Therapeutics! contains the statement that “‘urie acid of the 
urine is not increased by any of these drugs” (caffeine, theobro- 
mine, and theophylline). On this account it has seemed desirable 
to investigate further the effect of ingested methylated purines, 
not only caffeine, but also theobromine and theophylline. 


The discovery of caffeine in coffee was made by Runge (3) in 1820 anda 
few years later theine was found in tea by Oudrey (4). Within another 
decade Jobst (5) proved the identity of theine and caffeine and Stenhouse 
(6) soon showed that caffeine is related to uric acid derivatives. Finally, 
Emil Fischer (7) proved its complete analogy to uric acid, and by preparing 
it from xanthine he showed it to be 1,3,7-trimethylxanthine, confirming 
the structure proposed by Medicus (8) in 1875. Fischer (9) also synthesized 
and proved the structure of theobromine, discovered in cocoa-beans by 
Woskrensensky (10) in 1842, and Fischer and Ach (11) later synthesized 
theophylline, which had been discovered in tea by Ixossel (12) in 1888. 

The wide-spread use of tea and coffee as beverages and the marked 
physiological effects following their ingestion and that of caffeine quite 
naturally led to investigations as to the fate of caffeine in the body. As 
early as 1850, Lehmann (13) reported that the administration of caffeine in 
the food was not followed by the excretion of even a trace of caffeine in the 
urine. Later experiments by many investigators show widely varying 
results, but on the whole they indicate that the ingestion of either coffee 
or caffeine is followed by the excretion of only a very small part of the 
ingested caffeine in the urine. 

In the meantime the methylated purines of normal human urine, 1,7- 
dimethylxanthine, 7-monomethylxanthine, and 1-monomethylxanthine, 
had been isolated and carefully studied. Early experiments on the effect 
of caffeine ingestion on the excretion of the methylated purines show rather 
conflicting results, but perhaps the most striking are those of Albanese (14) 
in 1895 and of Bodzynski and Gottlieb (15) at about the same period. In 
experiments with dogs the former showed that caffeine feeding is followed 
by the appearance of a monomethylxanthine in the urine; the latter, in 
experiments with both dogs and rabbits, found similar results. 

In animal experiments with theobromine and theophylline the results 
were much like those obtained with caffeine. Bodzynskiand Gottlieb (15), 
Albanese (14), and Kriiger and Schmidt (16) found that administration of 
theobromine to dogs was followed by the appearance of monomethylxan- 
thine in the urine, and Kriiger and Schmidt (17) also found that theophyl- 


1Cushny, A. R., A text-book of pharmacology and therapeutics or the 
action of drugs in health and disease, Philadelphia and New York, 8th 
edition, 1924. 


* 
4 
4 
% 
7 
> 
i 
1 
| 
fad 
wy 
a 


V. C. Myers and E. L. Wardell 699 


line had a comparable effect. Both Bodzynski and Gottlieb (15) and 
Kriiger and Schmidt (16) performed similar experiments with theobromine 
on rabbits and obtained similar results. 

About this time Kriiger and Salomon (18) made a remarkable analysis 
of the purine base content of 10,000 liters of normal human urine from which 
they prepared 94.49 gm. of purine bases having the following composition: 


gm. 


Finally, with the aid of these invaluable analyses, Kriiger and Schmidt (19) 
showed that since there is good evidence that in man the methyl groups are 
decreasingly stable in the order 7, 1, 3, the methyl purines of human urine 
can be easily accounted for by the removal from the methylated purines 
of the food of the methyl group occupying position 3. 


Since demethylation is known to occur in the body, it seems not 
unlikely that a part of the ingested methylated purines may be 
completely demethylated and that the resulting purines may be 
subsequently oxidized to uric acid. Since much of the earlier 
work was on dogs it is of very little value, inasmuch as we now 
know that in the dog the chief end-product of purine metabolism 
is not uric acid but allantoin. 


Perhaps the earliest report of the effect of coffee drinking on the excre- 
tion of uric acid in man is that of Leven (20) who, in 1868, found no increase 
at all. In 1899 Taylor (21) found an increase in uric acid after drinking 
coffee, but consideration of his experiments makes it very difficult to 
account for so large an increase in uric acid as the result of drinking so small 
a quantity of coffee if the transformation of the caffeine to uric acid is 
regarded as the sole cause of the increased uric acid excretion. Burian and 
Schur (22) found that the ingestion of caffeine had no effect on the quantity 
of uric acid in the urine, but Hess and Schmoll (23) found an increase after 
both tea and coffee drinking, and Haig (24) found similar results after the 
use of coffee. In all of these earlier investigations, however, the methods 
of estimating uric acid in the urine were not sufficiently exact to show 
accurately such small increases in uric acid excretion as might result from 
the partial transformation of ingested caffeine to uric acid. 

The development of a colorimetric method made possible the more 
accurate estimation of small quantities of uric acid. In 1916, Benedict 
(1), using the Benedict-Hitchcock (25) modification of the Folin-Macallum- 
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Denis (26, 27) colorimetric procedure, secured very convincing evidence 
that the ingestion of caffeine does increase the excretion of uric acid. He 
reported a single experiment in which the subject was placed for a prelimi- 
nary period of 3 days on an approximately constant purine-free diet, which 
included five cups of Kaffee Hag, a decaffeinated coffee. During the next 
period the diet was continued unchanged except that 200 mg. of caffeine 
were added to each cup of Kaffee Hag, making a total of 1 gm. of caffeine 
each day for 4 consecutive days. The caffeine was then discontinued but 
the purine-free diet was continued for 3 days longer. In this experiment 
it was found that during the ingestion of caffeine the uric acid excretion, 
measured by the Benedict-Hitchcock colorimetric method, rose gradually 
until on the 4th and last day it was more than 160 mg. above the endogenous 
level. 

A few months later Mendel and Wardell, (2) using the same colorimetric 
procedure, found similar results with coffee, tea, and caffeine. Their 
subject remained throughout the investigations on a purine-free constant 
diet of milk, eggs, bread, butter, and fruit, to which was added in turn each 
of the substances to be studied. The results of these experiments seem 
to offer conclusive evidence that the ingestion of coffee, tea, or caffeine 
causes a marked increase in the excretion of uric acid and that the increase 
seems to be proportional to the quantity of caffeine ingested. It is interest- 
ing to note that the increase in the amount of uric acid excreted is equal 
to the quantity of uric acid which would be obtained by the demethylation 
and subsequent oxidation of from 10 to 15 per cent of the ingested caffeine. 

More recently Clark and de Lorimier (28) have found that ingestion of 
either caffeine or theobromine tends to increase the concentration of uric 
acid in the blood, although the action of the former was much the more 
marked. Caffeine was found to increase the excretion of uric acid in the 
urine, but the initial increase was usually followed by a decreased excretion. 
Theobromine diminished the rate of excretion of uric acid although there 
seemed to be no change in its rate of formation. They conclude that the 
increase in uric acid excretion after the ingestion of caffeine is probably 
not due to direct oxidation of the methyl xanthines, and suggest that in the 
general metabolic stimulation, the renal cells first react to the increased 
endogenous uric acid causing an increased excretion, and that subsequently 
the excreting cells react to the foreign and more toxic substances (caffeine 
or various demethylated derivatives) resulting in a specific elimination of 
these substances to the partial exclusion of uric acid. 


EXPERIMENTAL, 


Since the reports in the older literature are very contradictory 
and many texts still state that the ingestion of methylated purines 
is without effect on the excretion of uric acid, it seemed desirable 
to study this problem again. In these new experiments we have 
studied the effect of ingestion of methyl xanthines on uric acid 
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excretion, using not only caffeine but also theobromine and theo- 
phylline and employing several methods for the estimation of 
uric acid. 

In each experiment the subject was placed on a purine-free 
constant diet until the uric acid excretion reached its endogenous 
level. The methylated purine to be studied was then added to the 
diet for 3 or 4 days, and finally the purine-free diet was continued 
afew days longer. 

The urine was collected in 24 hour periods. All laboratory 
determinations were done in duplicate. Total nitrogen was 
determined by the Kjeldahl method, purine base nitrogen by the 
Kriiger-Schmidt method (29), and creatinine by the Folin method 
(30). Uric acid was determined by several different methods, 
and since the different procedures did not always yield comparable 
results, each method will be discussed in some detail. 

Colorimetric Estimation of Uric Acid.—The Benedict-Hitchcock 
(25) modification of the Folin-Macallum-Denis procedure for 
estimation of uric acid in urine depends upon the fact that in 
alkaline solution uric acid is reduced by phosphotungstic acid 
with the formation of a deep blue color and that the intensity of 
the color is proportional to the amount of uric acid present. Since 
this reaction is also given by other substances present in the urine, 
the uric acid is first separated from these other substances by 
precipitating it as the silver salt. ‘The silver salt is then dissolved 
and treated with the phosphotungstic acid reagent. Caffeine, 
theobromine, and theophylline were found not to react with the 
phosphotungstic reagent. No experiments were performed to 
determine the reaction of heteroxanthine, paraxanthine, or 1- 
methylxanthine with the reagent, but since the work of Lewis 
and Nicolet (31) indicates that none of the methyl xanthines causes 
a color development with the reagent, it was assumed that the 
presence of methyl xanthines in the urine offered no obstacle to 
the use of this method. 

Throughout the course of these experiments the greatest care 
was taken to prevent deterioration of the standard solution of 
uric acid. New standard solutions were made at frequent inter- 
vals and carefully checked against the one then in use. Consider- 
able difficulty wasexperienced with precipitation of the phosphates, 
and in some cases proportional quantities of the anhydrous diso- 
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dium hydrogen phosphate (Merck’s Blue Label Reagent) and 
anhydrous potassium dihydrogen phosphate (Merck’s Blue Label 
Reagent) were substituted for the crystallized salts specified by 
Benedict and Hitchcock. 

The Benedict-Franke method of estimating uric acid, first 
published in 1922, makes possible an even more rapid and exact 
estimation of uric acid than could be obtained with the Benedict- 
Hitchcock procedure. In using the Benedict-Franke procedure 
(32), as with the Benedict-Hitchcock, the greatest care was taken 
to insure the absolute correctness of the standard solution. <A 
new 50 mm. Bausch and Lomb Duboscgq colorimeter was used for 
all colorimetric readings. 

Estimation of Uric Acid and Purine Bases by Kriiger-Schmiadt 
Method.—In addition to the two colorimetric methods for esti- 
mating uric acid certain experiments were carried out in accordance 
with the Kriiger-Schmidt (29) technique for estimating uric acid 
and purine bases. In this procedure, both uric acid and purine 
bases are precipitated in combination with copper oxide. This 
precipitate is then decomposed by sodium sulfide and the uric 
acid is next precipitated by means of hydrochloric acid. After 
filtration, the uric acid remaining in the filtrate is destroyed, the 
purine bases are precipitated from the filtrate by means of copper 
sulfate, and the nitrogen content of the precipitates of both uric 
acid and purine bases is determined by the Kjeldahl method. 

Benedict and Saiki (33) report cases in which the total purine 
nitrogen as estimated by this method was less than the uric acid 
nitrogen as estimated by the Folin-Shaffer method, and find that 
the inaccuracy lies in the Kriiger-Schmidt method. For this 
reason they advise the addition of 20 cc. of glacial acetic acid for 
each 300 ee. of urine, the acid to be added before the first precipi- 
tation. ‘This precaution was observed in our experiments. On 
the whole, however, the Ixriiger-Schmidt procedure was found to 
be unsatisfactory for the estimation of uric acid, although no 
difficulty was experienced in the estimation of purine bases. 

Gravimetric Estimation of Uric Acid.—In order to check further 
the accuracy of the colorimetric estimations, an effort was made to 
isolate and weigh the uric acid from a given amount of urine. 
This was done following a suggestion made to us by Dr. S. R. 
Benedict. In 1915 Benedict (34) successfully employed such a 
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procedure as a check on the combined uric acid which he had found 
in ox blood by the colorimetric method after acid hydrolysis. 
Gravimetrie determinatiens of the uric acid were carried out in 
one experiment (see Table VIII), after sufficient technique had 
been acquired by running through a considerable number of 
isolations. Although the gravimetric method is quite tedious and 
requires much care in manipulation, it is possible to obtain very 
satisfactory results. In most instances the checks with the 
Benedict-Franke method have been surprisingly close, considering 
the difficulties of quantitatively isolating the uric acid. We 
believe that the figures recorded in Table VIII are a sufficient 
proof of this statement, although three times as many observations 
might be given. If these analyses have done nothing else, they 
have substantiated the accuracy of the Benedict-Franke colori- 
metricmethod. The technique we have employed is given below. 

(a) Isolation.—Place as much urine as contains 5 to 7 mg. of 
uric acid (usually 25 ec.) in a 50 ec. centrifuge tube, add 5 ce. of 
ammoniacal silver-magnesium solution and 3 ee. of concentrated 
-ammonia (to dissolve the silver chloride). Stir and centrifuge for 
5 minutes. Pour off the supernatant fluid, remove ammonia as 
completely as possible with compressed air, and stir up the pre- 
cipitate with 5 ce. of water. Add 5 ce. of freshly saturated 
hydrogen sulfide water and stir thoroughly for a few minutes. 
Wash into a beaker, remove the hydrogen sulfide by boiling, and 
the silver sulfide by filtration. Boil the filtrate to small volume 
(approximately 10 cc.), transfer to a 50 ec. centrifuge tube, and 
cool. Add 5 ec. of ammoniacal silver-magnesium solution, stir, 
and centrifuge. ‘Treat the precipitate with hydrogen sulfide water 
as before, boil, filter, and concentrate to 10 cc. Transfer to a 
small beaker and evaporate to 5 cc. ona waterbath. Remove from 
the water bath and add very slowly 2 ec. of dilute hydrochloric 
acid (1 part of acid to 9 parts of water, by volume). Allow to 
stand (uncovered) until the uric acid has crystallized (40 to 60 
hours). Wash the crystals into a dry, weighed, 15 cc. centrifuge 
tube and centrifuge for 3 minutes. Wash twice with a little water 
and once with alcohol. Dry to constant weight at 90°. 

(b) Identification.—Dissolve the precipitate in 15 cc. of hot 
phosphate solution (500 ec. of phosphate solution contain 1 gm. 


of crystallized NaH»PO, and 9 gm. of crystallized NasHPO,, or 
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corresponding quantities of the anhydrous compounds). Use 10 
ec. of this solution for a nitrogen estimation and 3 ce. for a color- 
imetric estimation. 

(c) Nitrogen Determinations.—Use regular Kjeldahl procedure, 
distilling into 0.02 Nn acid and titrating with 0.02 wn alkali. If 
duplicate precipitates are available, one may be dissolved directly 


TABLE I. 
Effect of Ingestion of Caffeine on Excretion of Uric Acid. 
Subject W., female; age 38 years, weight 62.2 kilos. 


Composition of urine. 
Date. E 7 Remarks on diet. 
2 
© 
& | 82] 
51 
1 996 ce gm gm. mag mg 
22 |1230; 8.8) 0.99! 315 14 Purine-free.* 
23 9.2; 0.98) 305 15 
24 860 10.3) 0.99) 261 11 
25 |1485; 9.6) 1.03) 426; 52 Purine-free + 0.94 gm. caffeine. 
26 875) 9.9 1.04) 504 76 ai + 1 
27 970; 9.5 0.96) 475 73 + 1 
28 720 |} 10.3) 0.98) 357 | 30 Purine-free. 
29 | 975) 9.8 0.95) 247 13 as 
30 | 1215; 10.2) 0.98) 241 10 


* Milk, eggs, grapefruit. 


with concentrated sulfuric acid and transferred quantitatively to a 
Kjeldahl flask for nitrogen determination. 

(d) Benedict-Franke Colorimetric Estimation.—Place 3 cc. of the 
solution (containing one-fifth of the precipitate) in a 50 ce. volu- 
metric flask, add about 15 cc. of water and 2.5 ce. of dilute hy- 
drochloric acid (1 part of acid to 9 parts of water), dilute to the 
mark, and mix. To develop color, place 10 cc. of this solution in 
a 50 cc. volumetric flask, add 5 ec. of 5 per cent sodium cyanide 
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solution and 1 cc. of the arsenophosphotungstic acid reagent, and 
mix. Allow to stand for 5 minutes, dilute to the mark, and com- 
pare with 0.2 mg. standard solution similarly developed. 
Experiments with Caffeine.—Four experiments with caffeine were 
carried out on four different subjects. The results of these 
experiments are found in Tables I to IV. A study of these 
figures shows that in two cases (see Tables I and II) the uric acid 


TABLE II. 
Effect of Ingestion of Caffeine on Excretion of Uric Acid. 
Subject K., female; age 25 years, weight 42.7 kilos. 


Composition of urine. 
Uric acid. : 
Date. Remarks on diet. 
8 2 
ce gm. | gm, mg. mg mg. 
7 0.76) 247 | 230 | 10! Purine-free.* 
8 505 | 7.9) 0.75) 223 | 213; 8 
9 7.1) 0.75, 235 | 221 | 12 
10 | 1020; 8.4) 0.69) 326 | 321 | 26 Purine-free + 1 gm. caffeine. 
11 6.4) 0.71) 351 | 341 | 28 +] 
12 515} 7.1!) 0.71) 372 | 356 | 33 +1] 
13 580; 7.2!) 0.74) 354 | 331 | 47 ™ + 0.786 
14 |; 220} 6.9) 0.76; 290 | 271 | 30 Purine-free. 
15 355 | 7.5) 0.73) 258 | 250 | 22 - 
16 565| 8.1) 0.74) 257 | 245 | 9 
17 | 540) 7.5) 0.69) 239 | 226 | 14 “ 


* Milk, eggs, crackers, grapefruit. 


excretion as estimated by the new Benedict-Franke method was 
markedly increased during the period of caffeine ingestion and 
returned to its endogenous level within 2 or 3 days after the 
discontinuance of the caffeine. With the other two subjects 
there was a marked rise in uric acid excretion on the Ist day of 
caffeine ingestion. After the 1st day, however, the uric acid 
values gradually became less until on the last day of caffeine 


de 
4; 
* 
¥ 
ae 
re 
$ 
¥ 
'* 
4 
¥e 
» 
‘ 
t 


706 Uric Acid Excretion 


ingestion, the uric acid was back practically to its endogenous level 
where it remained relatively constant throughout the final period. 
An examination of Table IV shows a marked rise in the uric 
acid on the 2nd day of the final purine-free period. A similar 
inexplicable rise in uric acid while on a purine-free diet had been 
previously encountered in the same subject. The subject is a 


TABLE III. 
Effect of Ingestion of Caffeine on Excretion of Uric Acid. 
Subject M., male; age 43 years, weight 79.5 kilos. 


Composition of urine. 
Date Kemarks on diet. 
2 
ce. gm, gm, my. mig 
] 730} 10.2; 1.50; 474 Purine-free.* 
2 710! 10.6; 1.62) 450 
3 740 | 10.4) 1.62) 417 10 
4 630! 10.7) 1.62) 421 11 
5 |1020; 12.7) 1.56; 495 | 36 Purine-free + 1.5 gm. caffeine. 
6 655 | 10.0) 1.59) 486 SS + 1.5 “ 
7 850} 10.9) 1.65) 450 97 + 1.5 “ 
§ 590 | 11.7) 1.62! 411 + 1.5 “ 
9 640 a 1.62) 391 54 Purine-free. 
10 835} 12.1) 1.59) 413 
11 | 815} 12.1) 1.62] 375 | 10 


* Shredded Wheat, milk, eggs, bread, butter, potatoes, banana, orange, 
sugar, ice-cream. 


normal healthy young woman doing routine laboratory work. No 
drugs, other than caffeine, were used during the experiment. In 
both experiments every precaution was taken to insure rigid 
adherence to diet, and it seems certain that none of these factors 
is responsible for the unexpected increase in uric acid on a purine- 
free diet. 
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Experiments with Theobromine.—Experiments on the effect of 
ingestion of theobromine were carried out simultaneously on two 
subjects (see Tabies V and VI). In neither case was there any 


TABLE IV. 


Effect of Ingestion of Caffeine on Excretion of Uric Acid. 
Subject H., female; age 25 years, weight 52.1 kilos. 


Composition of urine. 


Date. 
7, 
2/2318 
cc gm, gm 
4 740 | 10.5) 1.05 
5 1545 | 12.9) 1.18 
7 910 | 11.6) 1.08 
§ 1315 | 12.6) 1.14 
9 1250 | 12.3) 1.15 
10 2220 | 13.0) 1.17 
11f | 1725 | 12.8) 1.26 
12§ | 1750 | 12.2] 1.07 
13 1460 | 12.4) 1.18 
14 1490 | 12.1] 1.18 
15 1015 | 12.6) 1.09 
16 1450 | 12.0) 1.17 
17+ 


(Benedict-Franke). 


Uric acid 


395 
484 


Remarks on diet. 


Purine-free.* 


Purine-free + 1.2 gm. caffeine daily. 
‘ 


Purine-free. 


* Milk, eggs, bread, rusks, butter, cauliflower, lettuce, salad oil, grape- 


fruit, sugar. 
+ Specimen lost. 
{27 hour specimen. 
§ 21 hour specimen. 


increase in uric acid excretion accompanying the ingestion of 2 gm. 
of theobromine daily for 4 consecutive days. Since this failure 
to find an increase in uric acid was somewhat unexpected, it seemed 
well to try the effect not only of the Merck product first used, 
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but also some prewar Kahlbaum’s theobromine. As Tables V 
and VI show, the ingestion of the Kahlbaum preparation had no 
more effect on uric acid excretion than the other. The nitrogen 
content of the Merck theobromine was found to be 30.87 per cent. 
Since the theoretical value is 31.10 per cent, it seems fair to con- 
clude that the failure to secure an increase in uric acid excretion 
was not due to any fault of the theobromine. Furthermore, it 


TABLE V. 
Effect of Ingestion of Theobromine on Excretion of Uric Acid. 
Subject W., female; age 38 years, weight 61.3 kilos. 


Composition of urine. 
Date. £ 7 Remarks on diet. 
| 
3s 
2/3/38 
la 
cc gm, mg. |mg 
9 | 760/5.5)1.04| 238) 16) Purine-free.* 
10 |1030/6.3/1.00) 238) 13 
11 |1485/7.4/1.04) 230) 11 
12 {1110)7.4)1.00) 252) 85) Purine-free + 2 gm. theobromine (Merck). 
14 |1210)7.0/1.05) 220 113 +2 (Kahlbaum). 
15 212/130 « 49 « 
16 | 239/111) Purine-free. 
17 |1070'7.2'0.98) 242) 28 


* Milk, Corn Flakes, crackers, butter, orange, apple. 


could scarcely have been due to a failure of absorption since the 
ingestion of theobromine was accompanied by a large increase in 
the excretion of purine bases. Clark and de Lorimier (28) likewise 
failed to detect any augmenting influence of theobromine on uric 
acid excretion. 

Experiments with Theophylline-—Three experiments were per- 
formed with theophylline. In these experiments the subjects 


» 
‘ 


V.C. Myers and E. L. Wardell 709 


did not ingest theophylline itself, but euphyllin, which contains 
78 per cent theophylline and 22 per cent ethylenediamine. This 
preparation has the double advantage of being readily soluble and 
much less irritant than theophylline alone. It was obtained in 
tablets, of which a specified number was taken each day. 

The results of the first experiment are shown in Table VII. 
On the Ist day of euphyllin ingestion the increase in uric acid ex- 


TABLE VI. 
Effect of Ingestion of Theobromine on Excretion of Uric Acid. 


Subject K., female; age 25 years, weight 42.7 kilos. 


Composition of urine. 
2 
a 
Date. £ Remorks on diet. 
.| 
3 
8 
cc qm. | gm. | mg. 
9 | 730} 4.80.76; 212) Purine-free.* 
10 | 680) 6.40.78) 201 
11 | 720) 6.40.76 188] 
12 | 490) 6.4/0.77| 182) Purine-free + 1.25 gm. theobromine (Merck). 
13 | 700) 5.8|0.73) 176 +1.25 “ 
14 | 375] 5.1|0.77| 170 +1.25 “ (Kahlbaum). 
15 | 620) 176 +1.25 
16 | 405) 4.9'0.75) Purine-free. 
17 | 675) 5.70.77) 212 


* Milk, Corn Flakes, crackers, grapefruit. 


cretion as measured by the Benedict-Franke method was much 
greater than the increase as measured by the Benedict-Hitchcock 
method.. On succeeding days the Benedict-Franke values gradu- 
ally became less and the Benedict-Hitchcock values increased until 
on the 3rd and 4th days the results obtained by the two procedures 
were practically equal at a point well above the endogenous level. 
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With the discontinuance of euphyllin the excretion of uric acid 
dropped back to its endogenous level within 24 hours. 

So unexpected was the discrepancy between the values obtained 
on the Ist euphyllin day by the two colorimetric procedures that 
every effort was made to leave no doubt as to the correctness of 
the figures. ‘The estimations were repeated immediately with the 
same results. New standards were prepared at once and the 


TABLE VIL. 
Effect of Ingestion of EFuphyllin on Excretion of Uric Acid. 
Subject W., female; age 38 vears, weight 60 kilos. 


Composition of urine. 


Uric acid. 

Date. Remarks on diet. 

cc ce gm, my. mg 
20 | 1550!) 1200) 1.02! 327 | 318 Purine-free.* 
21 1550} 1000} 1.02) 266 | 246 - 
22 1550) 1295) 0.98) 260 | 237 . 
23 | 2050) 1750) 1.01) 287 | 357 Purine-free + 360 mg. euphyllin. 
24 2050) 1745) 0.97} 306 | 339 + 360° . 
25 2050! 1830; 0.99) 324 | 331 + 360 * 
26 2400; 2150) 1.02) 314 | 311 + 360 


27 1550! 1260 1.03, 259 | 238 Purine-free. 
28 1550; 1275; 1.00, 260 | 241 = 


* Milk, graham crackers, peanut butter, sugar cookies, orange, apple. 


estimations were repeated, the new standards being used, but the 
same values were obtained. These estimations were all made early 
in the morning. Late in the day, however, the estimations were 
made again and this time the Benedict-Hitchcock method still 
gave practically the same value, 285 mg., but the Benedict-Franke 
gave only 296mg. 

This change in value as estimated by the Benedict-Franke 
method was so striking that the next day the estimations by both 
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methods were repeated at intervals throughout the day. The 
results were as follows: 


Benedict-llitchcock. Benedict-Franke. 


mg. mg. 
Estimations made at 10.00 a.m....... 306 339 


These figures seem to indicate that there was present in the urine 
some substance other than uric acid which reacted with the 
Benedict-Franke reagent and which lost that power of reaction 
onstanding. This phase of the results of the euphyllin experiment 
will be discussed again. 

In passing, it seems worth while to call attention to the fact 
that the ingestion of less than 300 mg. of theophylline was accom- 
panied by an increase of 100 mg. in uric acid excretion, a quantity 
which would represent the transformation of 33 per cent of the 
theophylline ingested. 

This experiment with theophylline was the only one in which a 
a careful record of fluid intake was kept. A comparison of the 
figures for fluid intake and for urine volume shows plainly that 
what seems to be an increased volume of urine during the euphyllin 
period is not really a diuresis because the increase in fluid intake 
was quite equal to the increase in urine volume. 

A later experiment on the same subject (see Table VIII) shows 
only a slight increase in uric acid excretion following the ingestion 
of euphyllin, but a third experiment on another subject shows a 
considerable increase in uric acid excretion. In this last experi- 
ment, the subject ingested 500 mg. of euphyllin, containing 390 
mg. of theophylline, each day for 3 consecutive days. On the Ist 
day of euphyllin ingestion, the excretion of uric acid was only 
slightly greater than during the preliminary period, but on the 
2nd and 3rd days of the euphyllin period it was very greatly 
increased. 

In both of these later experiments the uric acid was estimated 
by both the Benedict-Franke and Benedict-Hitchcock procedures 
and throughout the experiments the values obtained by the 
Benedict-Hitchcock procedure were slightly higher than those 
obtained by the Benedict-Franke method. In neither case did 
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the ingestion of euphyllin cause a reversal in the relative values 
of the two estimations of uric acid similar to that found in the 
first theophylline experiment. 

In the second experiment with euphyllin recorded in Table VIII 


TABLE VIII. 
Effect of Ingestion of Euphyllin on Excretion of Uric Acid, Including 
Comparison of Colorimetric and Gravimetric Figures for Uric Acid. 


Subject W., female; age 39 years, weight 61 kilos. 


Uric acid. 
Bie | 4 se | 
2/3) 
— ce. gm. i|gm. | mg mg mg. | mg. mg mg. | mg. 
5.90" 
6 (1490) 6.1/0.93) 277) 253) 249) 5.8/6.95 |1.93)/1.89| Purine-free.f 
5.80 
7 |1520) 274) 252) 243) 5.6/5.81 (1.87|1.77 
8.05 
8 | 830 0.60.01 247| 230) 232) 8.4)8.42 (2.80/2.82 
6.72 
9 {1470} 315) 288 273 6.5/6.24 |2.17|2.06| Purine-free + 500 
mg. euphyllin. 
7.44 
10 |1190) 280) 255) 292! 8.6 2.87/2.82 
7.30 | 
11 /1270) 8.60.92} 292) 271 268 7.4|7.02 |2.47 
6.84 
12 {1350} 7.7/0.91| 291| 264) 258) 6.7|6.42 (2.23) Purine-free. 
6.94 
13 1290) 6.4/0.93 263) 247) 251) 6.8/6.50 |2.27/2.36 


* Figures set in ordinary type were obtained by direct estimation on 
urine. Those in bold faced type were obtained by Benedict-Franke 
estimation on the isolated uric acid. 

T Milk, biscuit, crackers, sugar cookies, lemons. 


uric acid was determined gravimetrically as well as by the two 
Benedict colorimetric methods. It will be noted that during the 
two control periods the gravimetric figures excellently check those 
obtained by the Benedict-Franke method, but that on the 2nd 
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euphyllin day, the gravimetric result is 37 mg. higher, possibly 
due to interference of 1-methylxanthine. ‘Too great significance 
should not therefore be attached to this difference. 

Of all our experiments, the second and third experiments with 
euphyllin show most strikingly the stimulation of metabolism 
which follows the use of these drugs. The subject of the second 
experiment showed a marked increase in total nitrogen excretion 


TABLE IX, 
Effect of Ingestion of Euphyllin on Excretion of Uric Acid. 
Subject H., male; age 31 years, weight 70 kilos. 


Composition of urine. 


Uric acid. 
Date 3 “ Remarks on diet. 
> ~ faa) oa) 
cc gm gm mg mg 
13 1170| 7.5! 1.86 260 | 249 Purine-free.* 
14 970| 7.3) 1.60 289 | 265 ” 
15 750; 7.8 1.04) 263 | 227 
16 | 13800) 10.8 1.05, 306 | 273 Purine-free + 500 mg. euphyllin. 
17 1870' 16.0) 1.89) 510 | 468 + 500 
18 1880 12.4) 1.54 404 396 + 500 
19 | 1350) 10.1) 1.30) 329 | 294 Purine-free. 
20 1560| 8.2) 1.28) 346 328 
1.08) 293 | 269 a 


* Milk, eggs, oatmeal, toast, butter, potatoes, tomatoes, lettuce, spin- 
ach, orange, lemon. 


although the increase in uric acid was very slight. In the third 
experiment, however, there was an enormous increase not only in 
uric acid, but also in total nitrogen and in creatinine. 

Experiments with Methyl Uric Acids.—The results of some of the 
experiments on caffeine suggest the possibility that caffeine inges- 
tion is followed by the presence in the urine of some product of 
metabolism other than uric acid which also reacts with the reagents 
of the Benedict-Hitchcock and Benedict-Franke colorimetric 
methods. As has already been stated, a small part of the caffeine 
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ingested may appear in the urine unchanged, but a far larger 
portion of it is partly demethylated in the process of metabolism 
and appears in the urine as 7-methylxanthine, 1-methylxanthine, 
and 1 ,7-dimethylxanthine (18). The possibility that the apparent 
increase in uric acid was really caused by the presence of caffeine 
in the urine is easily ruled out, since neither caffeine, theobromine, 
nor theophylline was found to give any reaction with either of the 
Benedict reagents. Moreover, the work of Funk and Macallum 
(35) and of Lewis and Nicolet (31) shows that neither xanthine, 
hypoxanthine, nor 1 ,7-dimethylxanthine gives any reaction with 
either of the reagents. No data have been found in regard to 
1-methylxanthine, but since Lewis and Nicolet report negative 
results with twelve different methylated monooxypurines and 
dioxypurines, it seems reasonable to assume that 1-methyl-2,6- 
dioxypurine and 7-methyl-2,6-dioxypurine would also give 
negative results. 

The methylated purines, however, are present in the urine in 
quantity much too small to account for all the caffeine ingested. 
There remains, then, the possibility that some of the ingested 
caffeine is oxidized in the 8 position before it is completely de- 
methylated, thus forming methyl uric acids. Assuming that such 
oxidation does take place there might be formed in the processes of 
metabolism such compounds as 7-methyluric acid, 1-methyluric 
acid, 1,7-dimethyluric acid, 3-methyluriec acid, 3,7-dimethyluric 
acid, | ,3-dimethyluric acid, and 1 ,3,7-trimethyluric acid. Since, 
however, demethylation is most likely to take place in the order 
3,1,7, it is probable that the compounds most likely to be formed 
would be 7-methyluric acid, 1-methyluric acid, and 1 ,7-dimethyl- 
uric acid. 

None of the methylated uric acids has ever been found in the 
urine but all of them have been synthesized and their properties 
have been studied by a number of investigators. The earliest 
work seems to be that of Hill (36) and of Hill and Mabery (37) 
who first prepared methyl- and dimethyluric acid by heating lead 
urate with methyl iodide in a closed tube. Most of our informa- 
tion in regard to these compounds, however, is the result of the 
painstaking work of E. Fischer (38) and of Biltz (89), who syn- 
thesized the various possible methy] uric acids and studied their 
properties. 
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Our present study of these compounds was made possible 
through the kindness of Professor Biltz of the University of Breslau 
who supplied us with small quantities of 7-methyluric acid, 
3,7-dimethyluric acid, and 1 ,3-dimethyluric acid. More recently 
he has supplied us with larger quantities of 1-methyluric acid, 
1,3-dimethyluric acid, 3,7-dimethyluric acid, 3,9-dimethyluric 
acid, and 1,3,7-trimethyluric acid. We have thus had the 
opportunity of examining all the interesting uric acids except 
3-methyluric acid and 1 , 7-dimethyluric acid. 

In testing each of these compounds with the Benedict-Franke 
procedure, a solution of the methyl uric acid was made in exactly 
the same way as was the strong standard uric acid solution. 5 ce. 
of this solution were then placed in a 50 ec. Erlenmeyer flask, 5 cc. 
of a 5 per cent solution of sodium cyanide and 1 cc. of the arseno- 
phosphotungstic acid reagent were added, and the contents of the 
flask were gently mixed. At the end of 5 minutes the mixture 
was diluted to 50 ce. and compared in the colorimeter with a 
standard uric acid solution prepared at the same time and in 
exactly the same way. With this procedure both the 7-methyluric 
acid and the 3,7-dimethyluric acid gave a mere trace of color, 
while 1,3,7-trimethyluric acid gave about 5 per cent of the color 
development of uric acid and 3 ,9-dimethyluric acid about 15 per 
cent. Onthe other hand, 1-methyluric acid and 1 ,3-dimethyluric 
acid gave approximately the same color development as uric acid 
when compared onagm. molecule basis. 

Similar experiments were performed in which aqueous sus- 
pensions of the pure compounds were used instead of first dis- 
solving them in the phosphate solutions. ‘The results obtained in 
this way were similar to those of the first experiment; neither 
7-methyluric acid nor 3,7-dimethyluric acid gave more than a 
mere trace of color, 1,3,7-trimethyluric acid gave a little more 
color, while 1-methyluric acid and 1,3-dimethyluric acid gave a 
color development approximately equal to that of uric acid. 

Methyl uric acids are unstable in alkali, particularly hot alkali, 
and it was found that the temperature of the phosphate mixture 
in which the uric acid was dissolved had a direct bearing on the 
amount of color which the solution developed when treated with 
the reagent. When a cold alkaline phosphate was employed to 
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dissolve the methyl uric acids, before adding acetic acid, a 
definitely greater color development was obtained. 

The color-forming value of the phosphate solution of each of 
these methyl uric acids was then tested by the Benedict-Hitchcock 
procedure. In each case, 5 cc. of the phosphate solution were 
precipitated with 20 drops of the ammoniacal silver-magnesium 
solution and centrifuged for 2minutes. The supernatant fluid was 
poured off and the color developed in accordance with the regular 
Benedict-Hitchcock technique. The color was then compared 
with that obtained by simultaneously treating an equal quantity 
of the standard uric acid solution in exactly the same way. ‘The 
results of this experiment proved interesting, but rather damaging 
to the methyl uric acid hypothesis. Both 7-methyluric acid and 
3, 7-dimethyluric acid gave just atrace of color with this procedure, 
but 1-methyluric acid and 1 ,3-dimethyluric acid gave no color at 
all. It is further of interest that whereas without silver precipita- 
tion 1-methyluric acid gave almost as great a color development 
with the Benedict-Hitchcock reagents as with the Benedict-Franke 
reagents, 1 ,3-dimethyluric acid gave only about half as much color 
as pure uric acid with the Benedict-Hitchcock reagents. 

In order to be sure that any 1,3-dimethylurie acid possibly 
present in urine does not respond to the Benedict-Hitchcock 
procedure, the following experiment was performed. 2 cc. of 
urine were placed in each of two centrifuge tubes, to one of which 
5 ec. of a phosphate solution of 1,3-dimethylurie acid (containing 
1 mg. of the acid) were added, and the contents of both tubes 
were then submitted to the Benedict-Hitchcock procedure for 
estimating uric acid. The color developed in the two solutions 
was identical, being equal to that produced by 0.68 mg. of uric 
acid. Obviously any 1,3-dimethyluric acid that may be present 
in the urine will not respond to the Benedict-Hitchcock procedure 
for estimating uricacid. Apparently the compound is decomposed 
after being precipitated as the silver salt in ammoniacal solution. 


DISCUSSION. 


Although the investigators who have recently studied this 
subject (Benedict (1), Mendel and Wardell (2), Clark and de 
Lorimier (28), and the writers) agree that the ingestion of certain 
methyl xanthines, notably caffeine, gives rise to an increased ex- 
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cretion of uric acid as determined by the colorimetric method, 
the source of this extra uric acid does not appear to have been 
conclusively proved. 

There are four possible explanations for this increased excretion 
of uric acid following the ingestion of certain methyl xanthines: 
(1) increased cellular metabolism, (2) increased activity of the kidneys, 
(3) demethylation of the methyl xanthines and subsequent conversion 
to uric acid, and (4) oxidation of the methyl xanthines in position 
8 without demethylation or with only partial demethylation, thus 
giving rise to the presence of certain methyl uric acids which give 
the uric acid color reaction. Evidence is unavailable at the pres- 
ent time conclusively proving any of these views. 

As has been shown by Means, Aub, and Du Bois (40) and others 
caffeine will augment the basal metabolism from 7 to 23 per cent. 
The factor of increased cellular activity is therefore one that can- 
not be ignored, and is the explanation to which apparently Clark 
and de Lorimier (28) particularly lean to account for the increased 
excretion of uric acid which they observed after caffeine. We do 
not regard this as a sufficient explanation of the markedly aug- 
mented elimination of uric acid noted in some individuals after 
caffeine and theophylline, although it may well play a part. As 
shown in our own experiments, the nitrogen output is not ordi- 
narily much disturbed, although in the last experiment (Table IX) 
with theophylline the nitrogen output was considerably increased. 

The diuretic action of the methyl xanthines under certain con- 
ditions is well known, and it has been recognized for a number of 
years that salicylic acid, cinchophen, and many of their derivatives 
(41) have a peculiar stimulating influence on uric acid excretion. 
For several reasons we do not believe that such a stimulating 
effect on the kidney is an important factor in the action of some of 
the methyl xanthines. Theobromine has been more widely used 
on account of its diuretic action than either caffeine or theophyl- 
line, and still it has no augmenting influence on uric acid elimi- 
nation according to the observations of Clark and de Lorimier (28) 
and ourselves. Inthe case of cinchophen, salicylic acid, and their 
derivatives it is well known that the increased uric acid excretion 
is accompanied by a reduction of the blood uric acid to a very low 
level (41), but the observations of Clark and de Lorimier show a 
considerable rise in the blood uric acid after caffeine ingestion. 
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It is known that about 50 per cent of ingested xanthine is ex- 
creted by the human subject in the form of uric acid (42). We 


possess very good evidence that, when the methyl xanthines are 


taken by man, they are at least partly demethylated. It is per- 
fectly reasonable to assume therefore that some of these methyl 
xanthines should be completely demethylated, and thus give rise 
to xanthine and ultimately in part to uric acid. We are inclined 
to believe that this is the explanation for a part of the increased 
uric acid excretion encountered after caffeine. 

In looking around for an explanation as to why many of the 
older workers came to the conclusion that caffeine did not increase 
the excretion of uric acid, whereas recent investigators who have 
employed the new colorimetric methods have obtained positive 
results, it occurred to us that this discrepancy might be due to the 
presence in the urine of certain methyl uric acids which would give 
the color reactions for uric acid, but possess sufficiently different 
physical properties so that they would not be determined by the 
older methods. One question which might at once be raised is, 
why, if methyl uric acids are excreted in the urine after the 
ingestion of methyl] xanthines, have they not already been detected 
in the urine? ‘These compounds are so unstable that they would 
probably have been decomposed by the customary methods of 
isolation. As soon as we were able to obtain some of the methyl 
uric acids we observed a number of facts of an interesting circum- 
stantial character. For example on this basis it is easy to explain 
why theobromine does not lead to an increased excretion of uric 
acid as determined by the colorimetric method, and why theo- 
phylline does lead to such an increased excretion. The most 
damaging evidence we have obtained against this hypothesis is 
that the two methyl uric acids (1- and 1,3-) which we have found 
to give approximately the same color development as uric acid with 
the Benedict-Franke method are decomposed by the silver pre- 
cipitation of the Benedict-Hitchcock method. Our observations 
on the pure methyl uric acids will be discussed in light of the results 
obtained in the experiments with ingested caffeine, theobromine, 
and theophylline. 

Since theobromine is 3,7-dimethylxanthine, the only possible 
methyl uric acids which could be formed from it are 3-methyluric 
acid, 7-methyluric acid, and 3,7-dimethyluric acid. Of these, 
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the last two have been proved to give only a trace of color with 
either of the Benedict reagents. It is true that Funk and Macal- 
lum (35) report that 3-methyluric acid gives a positive reaction 
with the phosphotungstic reagent, but they say nothing in regard 
to the intensity of the color developed nor do they mention the 
degree of stability of the silver salt when precipitated in ammoni- 
acal solution. Moreover, the methyl group in position 3 is the 
one generally regarded as most easily lost during metabolism. 

In the experiments on the ingestion of theobromine, there was no 
increase whatever in the excretion of uric acid as estimated by 
the Benedict-Franke colorimetric method. Obviously, then, none 
of it was completely demethylated and subsequently oxidized 
to uric acid, but, on the other hand it is not at all impossible that 
some of it was oxidized before demethylation, since neither 7- 
methyluric acid nor 3 ,7-dimethyluric acid would increase the value 
of the uric acid as estimated by either of the colorimetric 
procedures. 

The results of the first theophylline experiment are even more 
interesting when examined in this connection, since there are 
several theoretically possible demethylation-oxidation products. 
The theophylline may be completely demethylated and subse- 
quently oxidized to uric acid, causing an increase in the uric acid 
excretion as estimated by both of the colorimetric methods, or it 
may be oxidized previous to demethylation with formation of 
l-methylurie acid, 3-methyluric acid, or 1,3-dimethyluric acid. 
The action of 3-methyluric acid when tested with the colorimetric 
methods has not been covered in these studies, but if 1-methyl- 
or 1,3-dimethylurie acid were formed during metabolism, there 
would be an increase in uric acid in the urine as estimated by the 
Benedict-Franke procedure but not as estimated by the Benedict- 
Hitchcock method. 

As a matter of fact, in this experiment the ingestion of theophyl- 
line caused an increase in uric acid excretion which was far greater 
when estimated by the Benedict-Franke method than with the 
Benedict-Hitchcock method. If we assume that man can oxidize 
theophylline without first demethylating it, this apparent dis- 
crepancy in the estimation of uric acid might very well be due to 
the presence in the urine of 1-methyl- or 1 ,3-dimethyluric acid. 
The steady decline of the Benedict-Franke values could then be 
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explained by the gradually decreasing excretion of 1-methyl- or 
1,3-dimethyluric acid and the corresponding increase in the 
Benedict-Hitchecock values could be attributed to a corresponding 
increase in uric acid, or possibly 3-methylurie acid. 

In the experiments with caffeine there was always a marked 
increase in uric acid excretion estimated by either of the colori- 
metric methods. This increase may be due in part to a stimula- 
tion of metabolism or it may be due to the formation of uric acid 
by the total demethylation and subsequent oxidation of the 
caffeine. On the other hand, it is theoretically possible that the 
increase is due, in whole or in part, to the presence of a methyl 
uric acid which responds to both color tests. We have not yet had 
the opportunity of testing 3-methyluric acid or 1,7-dimethyluric 
acid. 

Ixperiments are being continued in the hope of more fully 
elucidating this problem. 


SUMMARY. 


The ingestion of caffeine is followed by an unmistakable in- 
crease in the excretion of uric acid. This increase is practically 
the same when estimations are made by either the Benedict- 
Hitchcock or Benedict-Franke procedures. The ingestion of 
theobromine is not followed by an increase in the excretion of uric 
acid, but the ingestion of theophylline is usually followed by a 
definite increase. 

The accuracy of the Benedict-lranke colorimetric method has 
been checked with gravimetric estimations of the uric acid and 
excellent agreement obtained. 

At least two methyl uric acids (l-methyluric acid and 1,3- 
dimethyluric acid) give the color reaction with the Benedict- 
Franke procedure to the same degree as does uric acid itself, but 
fail to give any reaction whatever with the Benedict-Hitchcock 
procedure. Other methyl uric acids, notably 7-methylurie acid 
and 3,7-dimethylurie acid, fail to give a color with either of the 
colorimetric procedures, while 1,3,7-trimethylurie acid gives only 
a trace of color. 

It is an interesting fact of circumstantial character that whereas 
3,7-dimethylxanthine (theobromine) does not cause an increase 
in the excretion of uric acid as determined colorimetrically and 


2 


V.C. Myers and E. L. Wardell 721 


3,7-dimethyluric acid does not give the color reaction, on the 
other hand 1 ,3-dimethylxanthine (theophylline) does increase the 
output of uric acid and 1,3-dimethyluric acid does give the color 
reaction. It is furthermore significant that 1 ,3-dimethylxanthine 
(theophylline) causes a greater increase in uric acid excretion 
(first experiment) when estimated by the Benedict-Franke pro- 
cedure than when estimated by the Benedict-Hitchcock method 
and that 1,3-dimethyluric acid does respond to the Benedict- 
Franke procedure but not to the Benedict-Hitchcock method. 


The origin of the increase in uric acid excretion observed after 


caffeine and theophylline has not been definitely ascertained. 
Stimulation of metabolism alone seems insufficient to account 
for all the extra uric acid, and it is suggested that the increase 
may be due, at least in part, to the transformation of caffeine and 
theophylline to uric acid or methy] uric acids. 
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THE ESTIMATION OF UREA AND AMINO ACID NITROGEN 
IN ANIMAL TISSUES.* 


By VEON CARTER KIECH ann JAMES MURRAY LUCK. 
(From the Department of Chemistry, Stanford University, California.) 


(Received for publication, March 12, 1928.) 


In the course of some work on protein metabolism it became 
advisable to estimate urea in animal tissues. Although we were 
drawn somewhat to the urease method we felt compelled for two 
reasons to employ other technique. In the first place, it was quite 
apparent that owing to the relatively large amount of ammonia 
in the tissue samples, the urea estimations would have to be ac- 
companied by determinations of the preformed ammonia. Here 
we found ourselves presented by several additional difficulties, 
not the least of which was considerable uncertainty about the 
source of the tissue ammonia and the rate of its formation. From 
the work of Gad-Andresen (1) and of Hoagland and colleagues 
(2, 3) and by inference from the known lability of the blood 
ammonia precursors (4-10) we considered it likely that the pre- 
formed ammonia of the tissues would not be estimated easily. 
There was also the possibility that an unknown fraction of the 
tissue ammonia might arise, post mortem, from urea, leading 
obviously to a decrease in the latter. The observations of Gad- 
Andresen (1) on ammonia formation in muscle, although uncon- 
firmed in some quarters (2, 3), justified the entertainment of 
such a fear. Finally, the recent work of Addis (11) throws grave 
doubt upon the permissibility of the urease method in the presence 
of arginase. 

Of the remaining analytical methods, we regarded that of Fosse 
(12) as the most hopeful; although for simplicity in technique we 
wished to employ the same deproteinizing agent in the estimation 


* The material in this paper is drawn from the thesis presented by Veon 
Carter Kiech as a candidate for the degree of Master of Arts at Stanford 
University. 
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of both urea and amino acid. We determined, therefore, to 
investigate the use of trichloroacetic acid for precipitation of the 
tissue proteins in place of Tanret’s reagent which Fosse employed 
successfully in the analysis of serum. We hoped in this manner 
to extend the trichloroacetic method, previously described by one 
of us (13) for the estimation of amino acid nitrogen in tissues, to 
the determination of urea as well. The results were unsatisfactory, 
and demonstrated quite clearly that some other protein precipi- 
tant would have to be employed. We turned, therefore, to tungs- 
tic acid partly with the hope that minor modifications here and 
there might permit the whole Folin-Wu system of analysis to be 
applied to tissue extracts. Hammett (14) had already employed 
this precipitant preliminary to the estimation of creatine and 
creatinine in muscle extracts, while Denis (15) used it in deter- 
mining the amino nitrogen content of fish muscle. Inthis method, 
we have been especially careful to avoid tissue autolysis, to shorten 
the time required for analysis, and to eliminate in the urea estima- 
tions even a moderate warming of the tissue and its filtrate. 


Method. 


The method now to be described was developed for use in the 
analysis of the whole carcass. We presume, however, that it is 
directly applicable to single tissues. We have used it for the 
estimation of amino acid nitrogen and urea in the liver, muscle, 
fetus, and entire body of the adult rat. 

The animal is stunned by a sharp blow on the head and is at 
once put through a coarse meat chopper which has been previously 
cooled with liquid air. The mincings are chilled promptly by 
further treatment with liquid air, well mixed, and again run 
through the chopper. ‘The coarse cutting plate is then replaced by 
a fine one, through which the frozen tissue is forced three or four 
times. Liquid air is added frequently. By this means the ear- 
cass may be reduced to a fairly uniform mass. The skin, bones, 
and hair cause no trouble. 

6 to 10 gm. of the mixture, roughly measured, are then trans- 
ferred to a cold iron mortar and pulverized to a fine powder. 
Occasional applications of liquid air are necessary to keep the 
material well chilled and brittle. Of the frozen substance 4 to 6 
gm. are weighed out to the nearest eg. For this purpose we have 
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found a weighing bottle 40 cm. & 60 cm. to be most convenient, a 
subsequent transfer of the contents thus being avoided. Although 
the object to be weighed is very cold, we find that the error so 
caused need not exceed ior2 mg. It is negligible when weighing 
to the nearest cg. 

42 ec. of ice water, or if less than 6 gm. of tissue be employed 
enough water to give a final total volume of 60 ec., 6 ec. of ice-cold 
10 per cent sodium tungstate, and 6 ce. of ice-cold sulfuric acid 
(0.66 N) are now added in the order named. The weighing bottle 
is vigorously shaken between additions. 2 to 4 minutes after 
adding the sulfuric acid, the contents are filtered. About 45 cc. 
of filtrate are obtained within 30 minutes. 


Estimation of Urea. 


20 ec. of the water-clear ‘filtrate! are transferred to a 50 ce. 
centrifuge tube and treated with an equal volume of glacial acetic 
acid. ‘The contents are stirred thoroughly. Finally, and with 
continued stirring, 2 ce. of a 10 per cent solution of xanthydrol 
in methyl alcohol are added. Within a minute or so, the body of 
the fluid becomes filled with a fine glistening precipitate of di- 
xanthydryl urea. After 1 hour, in which time, according to Fosse, 
precipitation of the urea is complete, the suspension is centrifuged 
and the supernatant fluid is decanted through a porous-bottomed 
filtration crucible,? attached to a suction flask and pump. ‘The 
precipitate is then mixed with 10 ec. of 95 per cent alcohol, centri- 
fuged, and separated from the supernatant fluid by decanting the 
latter into the filtration crucible. The washed precipitate is now 
transferred quantitatively with 6 to 8 ec. of alcohol to the filter. 
Filtration which hitherto has been quite rapid is now apt to be 
slow. It is therefore advisable to add the alcohol in several small 
portions and to permit the crucible to drain between additions. 
After the last of the aleohol has drained through, the suction is 


1 Tf the animal has not been fasted prior to killing, the tissue filtrate is 
very liable to be opalescent. This is probably due to the presence of gly- 
cogen. It does not seem to interfere in the subsequent estimations of 
amino nitrogen and urea. | 

2 After trying several kinds of crucibles, we found the porcelain ones of 
Royal Berlin ware with set-in porous bottoms to be most suitable. These 
are distributed by Kreuger and Toll. Crucibles A2, size 00 (8 cc.) or 0 
(15 ec.), are of convenient porosity and size. 
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continued until the dixanthydry] urea is fairly dry, as indicated by 
the whitening of the crystalline mat. 10 or 15 minutes later the 
crucible is transferred to an oven and heated for 30 minutes at 105°. 
It is then cooled in a desiccator over sulfuric acid. The entire 
precipitate may then be removed as a sheet from the bottom of the 
crucible and weighed directly upon the balance pan. If the eruci- 
ble is not drained by suction until it is almost dry, the precipitate 
is very apt to adhere to the bottom of the crucible. In all in- 
stances, except with muscle filtrates, the precipitates have been | 
crystalline, and white, and left no ash on incineration. In the 
case of muscle, the precipitates have been invariably yellowish 
and impure. This anomalous behavior of muscle is now under 
investigation. Whatever the cause of the difficulty may be, we 
have never experienced it with liver, fetus, or the whole adult 
animal. 

The crucible, protected by a porcelain cup, is ignited for a few 
minutes and on cooling is again ready for use. 


Estimation of Amino Acids. 


20 cc. of the filtrate are transferred to a 100 ee. beaker and 
evaporated on a hot plate to about 10 cc. Two or three glass 
beads are needed to prevent bumping. 4or5drops of 10 per cent 
sodium hydroxide are now added to the fluid and the boiling con- 
tinued. By this means preformed ammonia is removed. After 
2 minutes, an excess of glacial acetic acid (0.5 to 1.0 ec.) is added 
and the evaporation continued until the volume is reduced to 
about 2 ec. The concentrate is transferred quantitatively with 
2or 3 cc. of wash water to the Van Slyke amino nitrogen apparatus. 

Although we have not observed any quantitative agreement 
between the two methods, it is sometimes more convenient to 
employ Folin’s colorimetric method (16) for amino nitrogen. For 
this purpose, 1 cc. of the tungstic acid filtrate is diluted with 4 ce. 
of water and treated as the equivalent of 5 ee. of blood filtrate in 
Folin’s method. 


EXPERIMENTAL. 


Use of Tungstic Acid as Protein Precipitant. 


The conclusion drawn from many preliminary experiments in 
which trichloroacetic acid was employed as the protein precipitant 
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was that even moderate heating of strongly acid solutions of urea 
in very low concentration caused relatively great loss. We were 
therefore driven to try some other protein precipitant which would 
give a filtrate of low acidity, and which would require, at no time, 
the application of heat. Since it was observed that 20 cc. of a solu- 
tion of tungstic acid (2 ce. of 10 per cent sodium tungstate, 2 cc. of 
0.66 N sulfuric acid, 16 ce. of water) when treated with 20 ce. of 
glacial acetic acid and 2 cc. of 10 per cent xanthydrol remained 
perfectly clear throughout 1 day, it appeared that no trouble would 
be encountered through the precipitation of a xanthydrol-tungstic 
acid compound if tungstic acid were used for protein removal. 

The first of the experiments which followed were directed to 
the determination of very small amounts of urea, 1 mg. orso. If 
the precipitate could be obtained in a form which might be trans- 
ferred quantitatively to the pan of the balance, direct weighing 
would be possible and a relatively small quantity of tissue filtrate 
might be employed. By this means we hoped to eliminate the 
tedious and undesirable feature of concentrating the urea solution. 

(a) To this end we attempted first the technique of Fosse, in 
which the author, by employing parchment paper as a filter, was 
able to separate the entire precipitate as a single sheet. Perhaps 
because we were unable to secure the proper kind of parchment or 
parchment paper, we never succeeded in its use. We resorted then 
to drying the precipitate in centrifuge tubes or on watch-glasses 
but found that it stuck most tenaciously. Other preparations of 
dixanthydryl urea were filtered through dises of hardened filter 
paper in Gooch crucibles, washed, and dried. Again no separation 
of the precipitate from the paper was possible. Finally we tried 
transferring the precipitate with a few ce. of aleohol to a small area 
of a porous plate. ‘The precipitate dried rapidly and could easily 
be separated in the desired form. This suggested to us the use 
of crucibles with smooth porous bottoms and glazed sides. Ob- 
serving the precautions mentioned earlier, we found that these 
crucibles served the purpose excellently. The precipitate could 
be loosened by tapping or by running a needle around the edge and 
then removed as a thin white disc to the balance pan. 

(b) We determined next the optimum proportions of tissue 
suspension, sodium tungstate, and sulfuric acid. 

4 gm. portions of tissue were treated with varying quantities 
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of sodium tungstate and sulfuric acid and enough water to give 
total volumes of 60 cc. The urea was precipitated from 20 ce. 
portions of the filtrates. The results are presented in Table I. 
We concluded from this series that 2 cc. portions of the precipi- 
tants for 4 gm. of tissue were too small. The filtrate was cloudy 
and gave a heavy coagulum when boiled. Although 4 cc. portions 


TABLE I. 
Estimation of Urea in Tungstic Acid Filtrates. 

10 per cent Sulfuric : Urea per Amino N 
ce. ce. ce. mg. mg. 

2 2 52 Cloudy. 

4 4 48 Clear. 82.6 51.3 
4 4 48 82.6 55.5 
6 a 44 ey 90.0 50.8 
6 6 44 88.0 

8 8 40 se 92.3 52.5 

TABLE II. 
Estimation of Urea in Animal Tissues. Recovery of Added Urea. 
Dixantbydryl urea. 
Weight of sample. Urea added. 
30 Calculated. 
gm. mg. mg. mg. 

4.000 0 4.2 4.2 
4.000 3.78 12.3 12.34 
4.000 3.0 11.3 11.2 
2.73 3.0 10.0 9.86 


of the precipitants gave clear filtrates and appeared to be adequate, 
we felt it desirable to employ 6 ce. portions in the later experiments. 

(c) We examined next the recovery of urea added in known 
quantities to tissue samples. The results are presented in Table 
II. 

(d) The recovery of urea from tissue samples of varying size 
was examined next. 6 ec. portions of tungstate and sulfuric acid 
were employed. Water was added to make the total volume of 
suspension 60 cc. ‘The results are givenin Table III. We are in- 
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clined to regard the apparent increases in urea and amino nitrogen 
which are to be observed with increase of sample size as partly due 
to concentration effects. There is less water presumably in unit 
volume of filtrate from an 8 gm. sample than would be contained 
in the same volume of filtrate from a 4 gm. sample. 

(e) We examined again the effect of variations in the quantity 
of urea by increasing the size of the tissue sample and by adding 
increasing quantities of urea to samples of equal size. These 


TABLE III. 
Effect of Varying Size of Tissue Sample. 
gm. mg. mg. mg. 
4.0 4.6* — 40.2 
4.0 6.3 67.5 43.3 
6.0 9.4 67.2 43.1 
6.0 9.4 67.2 45 .2 
8.0 14.0 75.0 46.4 


* 4 portion of this precipitate adhered to the crucible. 


TABLE IV. 
Tungstate and Dixanthydry] urea. 
Sample No. | Sample | sulfuric seid | Added urea, 
each. Recovered. | Calculated. 

gm. ce. mg. mg mg 

1 4.0 6.0 0 4.7 4.4 

2 4.0 6.0 2.0 9.2 9.2 

3 4.0 6.0 4.0 14.8 13.7 

4 8.0 6.0 0 8.8 8.8 

5 8.0 10.0 0 13.8 8.8 


results are summarized in Table IV. With Sample 5 which was 
designed to serve a different purpose, the quantities of tungstate 
and sulfuric acid were greatly increased. The urea precipitate 
exceeded in weight the calculated value and on incineration was 
found to contain much inorganic matter. The other precipitates 
on incineration burned away rapidly leaving no trace of ash. This 
trouble is never encountered in the routine procedure which calls 
for 6 ce. portions of tungstate and sulfuric acid to 4 or 6 gm. sam- 
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ples of tissue. The dixanthydryl urea precipitate of Sample 1 
stuck to the bottom of the crucible from which it could not be 
detached. The value 4.7, was determined by difference in the 
weight of the crucible before and after incineration. ‘The cor- 
responding calculated value (4.4) was determined from Sample 4. 

(f) To 4 gm. portions of frozen tissue increasing and known 
quantities of totally hydrolyzed caseinogen were added. The 


TABLE V. 
Recovery of Amino Acid Nitrogen. 
a Amino N per sample. 
Sample weight. | Added amino N. — ll 
Found. Calculated. 
gm. mg mg. mg. : mg 
4.0 0 68.6 1.76 
4.0 0) 68.6 1.63 
4.0 1.068 77.0 2.85 2.44 
4.0 1.068 88.8 2.85 2.77 
4.0 2.136 82.5 3.85 3.84 
4.0 2.136 83.5 3.80 3.84 
TABLE VI. 


Tissue Autolysis. 


Mg. per 100 gm. tissue. 
Time of thawing. 
Amino N. Urea. 
hrs 

0 44.9 45.0 
0.5 50.2 47.0 
2.0 70.6 48.5 
4.0 94.9 47.0 


results of the analyses are presented in Table V. We are unable 
to explain the progressive increases in the urea values, for as is 
to be inferred from Table VI, an increase in amino acid concentra- 
tion has little, if any, influence on the apparent urea content. 


Rapid Autolysis of Tissue. 


6 gm. samples of the frozen, powdered, carcass of an adult rat 
were weighed out and permitted to stand at room temperature for 
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varying times before adding the reagents. ‘The results which 
follow in Table VI demonstrate that proteolysis proceeds with 
great rapidity. The constancy in the urea values during tissue 
autolysis confirms the findings of Hoagland and Mansfield (3) 
and does not support Gad-Andresen’s theory of rapid ureolysis. 

This experiment also demonstrates the need of prompt prepara- 
tion of the protein-free filtrates in tissue analysis. 


SUMMARY. 


A method is described for the estimation of amino nitrogen 
and urea in animal tissues. The latter is determined gravimetric- 
ally as dixanthydryl urea by direct weighing. Tungstic acid is 
employed as a protein precipitant. 


Several points of technique in the early portion of the work were 
contributed by Mr. Benjamin Simon, to whom acknowledgment 
is made. 
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THE EFFECT OF BORATE ON THE OXIDATION OF 
GLUCOSE AND OTHER SUGARS. 


By MILTON LEVY anp EDWARD A. DOISY. 


(From the Laboratories of Biological Chemistry, St. Louis University School 
of Medicine, St. Louis.) 


(Received for publication, March 5, 1928.) 


INTRODUCTION. 


The experiments recorded in this paper were suggested by a 
consideration of the details of some experiments on carbohydrate 
metabolism. In order to minimize the liability of the bladder to 
infection following catheterization, it is common practice to finish 
the catheterization by irrigation with boric acid solution. The 
known behavior of boric acid in the presence of polyhydroxy com- 
pounds as well as the possibility of pH changes in the reagent 
used for sugar analysis led us to test the effect of boric acid on the 
determination of urinary sugar. We have found that the pres- 
ence of boric acid causes errors of a magnitude which cannot be 
ignored. 

A dog was catheterized and then injected subcutaneously with 
1 gm. of phlorhizin dissolved in NazCO3. The catheterization was 
repeated at intervals of 2 hours, the bladder being emptied each 
time as completely as possible but without washing. Sugar was 
determined in these urines by the Folin and Peck (1919) titration 
before and after the addition of the amount of saturated boric 
acid solution which would have been used in washing (25 cc.). 
The results are shown in Table I. 

We have found no mention of the interference of borates with 
sugar determinations in the handbooks or in the literature of 
phlorhizin diabetes. While the majority of investigators appar- 
ently have not used boric acid irrigation, it has been used by some. 
It is desirable therefore to call attention to the possibility of errors 
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in the determination of urinary sugar (see Table I) where proper 
precautions are not taken to prevent any but a small amount of 
the boric acid from entering the sample. 

These observations on the interference of boric acid with the 
oxidation of sugar excited our interest to such an extent that we 
have studied the problem from several angles, but this paper 
reports in detail only the effects of boric acid on copper and iodo- 
metric methods of determining glucose and the common mono- 
and disaccharides. 


Theoretical. 


Since the addition of certain organic hydroxy compounds causes 
an apparent increase in the degree of dissociation of boric acid in 


TABLE I. 
Urinary Sugar. Error Caused by Saturated Boric Acid. 
Glucose found. 
Urine No. Volume. Error. 
As taken. H BOs. 
oe. gm, gm. per cent 
1 50 2.155 1.855 13.9 
2 30 1.460 1.350 7.5 
3 30 1.235 1.105 10.5 


aqueous solution, it is possible after adding glycerol, mannite, 
invert sugar, or glucose in proper quantity to a boric acid solu- 
tion, to titrate 1 hydrogen atom of the boric acid quantitatively. 
The apparently increased dissociation of the acid in the presence 
of polyhydroxy compounds is indicated by the position of the 
titration curves (Mellon and Morris, 1924), by the change in 
conductivity (Magnanini, 1890), and by the change in the reac- 
tion to phenolphthalein on adding these compounds to borax 
solutions (Biot, 1842). In some cases, e.g. mannite and sorbite, 
a change in the optical activity of the polyhydroxy compound 
may be observed (Fischer and Stahel, 1891). 

The investigations of Magnanini have led to the belief that two 
hydroxyl groups on adjacent carbon atoms are necessary for the 
increase in conductivity of boric acid, and the work of Boeseken 
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(1913) has further indicated that these hydroxyl groups must be 
on the same side and in the same plane with respect to the carbon 
atoms for the most favorable effect. It was assumed that easily 
saponifiable esters were formed between hydroxy compounds and 
boric acid (Klein, 1878) and Van’t Hoff (1908) gave the fol- 
lowing ring structure to such esters: 


C—O 
B — OH 
C—O 


Interaction of Glucose and Borates. 


Boeseken (1913) believed that he had determined which of the 
two possible isomeric lactonic formulze should be assigned to 
a-glucose and which to 6-glucose on the following basis. a-Methyl- 
glucoside has only a slight negative effect on the conductivity of 
boric acid, which shows that the aldehydic hydroxyl group is 
necessary for the reaction with boric acid. While both a- and 
B-glucose increase the conductivity of boric acid, the a form 
causes the greater increase and this increase falls off at a rate 
equal to the rate of mutarotation. On the other hand the con- 
ductivity of the solution containing 8-glucose increases with time 
at a rate equal to the rate of mutarotation. The structure with 
the hydroxyl group of the aldehydic carbon atom on the same side 
as that of the second carbon atom was therefore assigned to 
o-glucose. Irvine and Steele (1915) found however that 2, 3, 5, 6- 
tetramethylglucose (now regarded as 2, 3, 4, 6-tetramethyl- 
glucose (Charlton, Haworth, and Peat, 1926)) has practically 
the same effect on the conductivity of boric acid as glucose itself. 
The hydroxyl] group on the second carbon atom therefore probably 
has no role in the formation of the borate ester, but according to 
these authors the second hydroxyl group necessary for the increase 
in conductivity is one formed on the addition of water to the 
lactonic oxygen atom. 
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Thus: 
B—OH 
H—C—OH 
| 


This is in conformity with Armstrong’s (1903) theory of the 
transformation of a= £6-glucose through the oxonium derivative 
and Boeseken’s opinion that the transformation occurs without 
rupture of the lactone ring. In any case, the formation of a 
borate ester of glucose involves the aldehydic hydroxyl group 
which is certainly of great importance in the oxidation of glucose. 

The decrease in the optical activity of glucose on the addition 
of borax (Rimbach and Weber, 1905; Murchhauser, 1923) may 
be taken as additional evidence of ester formation, although the 
former authors ascribe part of the decrease to the effect of the 
alkaline reaction on the sugar. Boric acid itself has no apparent 
effect on the optical activity of glucose. If the alkali had an 
effect on the glucose in the sense of the transformation investi- 
gated by Lobry de Bruyn and Van Fkenstein, its neutralization 
should leave the optical activity unchanged, but if the low optical 
activity is a specific effect of borax, neutralization might restore 
the original optical activity of glucose. The data of Table II 
show the latter to be true, thus proving that under our experi- 
mental conditions none of the glucose was converted to mannose 
or fructose or suffered other irreversible changes in the presence 
of the alkaline borate. 

The change of rotation with time in Solution 5 (Table II) is 
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very interesting in that it indicates the liberation of an excess of 
a-glucose. This phenomenon will be the subject of further work. 


Conditions Affecting Formation of Glucose-Borate Compounds. 


The equation representing the formation of an ester between 
- glucose and boric acid may be written as follows: 


CeHi206 + BOH + 2H20 


That the amount of ester formed will depend on the concentrations 
of glucose and of boric acid is indicated by measurements of the 
conductivity at various concentrations of boric acid and of polyhy- 
droxy compounds (Boeseken, 1913; Rimbach and Ley, 1922). 
The ester which is formed dissociates as a stronger acid than boric 
acid. 


C;H;9006: Ht 


It may be stated as a general principle that reactions favored 
by the presence of alkali tend to produce acids which neutralize 
the alkali. Esters of aleohols and acids are hydrolyzed in the 
presence of alkali to give the free acid which neutralizes the alkali; 
lactones and acid anhydrides are converted by alkali to the acid 
forms and alkali brings about the formation of saccharic acids 
from the sugars. Applying this principle to the above reaction, 
the addition of alkali to a solution of boric acid and glucose should 
favor the formation of the ester of these two substances which is 
a stronger acid than boric acid. It was not surprising therefore 
to find that borax decreases the specific rotation of glucose but 
that boric acid has no measurable effect and therefore probably 
does not combine to an appreciable extent. (Rough calculations 
from the conductivity data of Boeseken show that probably not 
more than a of the glucose combines with boric acid, an amount 
certainly not detectable by the polariscope.) 


Oxidation of Glucose. 


In the oxidation of glucose by alkaline copper reagents, 5.5 to 
6 equivalents of oxygen are utilized per mol of glucose. Numer- 
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ous products are formed by complex changes of the molecule; but 
one, gluconic acid, arises by direct oxidation of the aldehyde 
group of glucose. This acid may be oxidized further or the glu- 
cose may be split directly into fragments which are then oxidized. 
Blocking of the aldehydic hydroxyl group as in methylglucosides 
has a profound effect on the oxidation. Since boric acid or borates 
form esters through the aldehydic hydroxyl group, the prediction 
may be made that boric acid will interfere with the oxidation of 
glucose and this will be especially evident when the oxidation of 
glucose gives gluconic acid as the main end-product. 

Since the oxidation of glucose by alkaline copper solutions is 
affected by the reaction of the solution (Visscher, 1926; Somogyi, 
1926) and since boric acid as well as the ester of glucose and boric 
acid will alter the reaction of solutions to which they are added, 
the pH factor must be controlled before any specific effect may be 
ascribed to borates. 


EXPERIMENTAL. 
Oxidation of Glucose by Alkaline Copper Solutions. 


Fehling’s Solution.—In a series of experiments performed to 
determine the effect of the addition of boric acid on the oxidation 
of glucose by Fehling’s solution, the Fehling-Soxhlet solutions 
were used in the manner described by Shaffer and Hartmann 
(1920-21) for the determination of glucose by the ‘‘cuprous” 
titration. The glucose used was the Difco, Anhydrous, c.P., or 
Pfanstiehl, c.p., Special Anhydrous. Boric acid was recrystallized 
three times from water and dried over CaCl, Merck’s Blue 
Label boric acid as well as borax in equivalent amounts produced 
substantially the same effects. All determinations and blanks 
were run in duplicate. The results are shown in Table III. 

In order to control the effect of neutralization of the alkali in 
the copper solution, we have determined glucose by Fehling’s 
method after adding sulfuric acid. These results are shown in the 
last column of Table III. Since boric acid acts as if it were mono- 
valent even in very alkaline solutions (Schmidt and Finger, 1908), 
we have assumed that the molecular and equivalent weights are 
the same and on this basis compared the effect of molar quantities 
of boric acid with 0.5 molar quantities of sulfuric acid. Since the 
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sulfuric acid is without effect under our conditions, it seems reas- 
onable to believe that the interference of boric acid is not due to a 
mere change of reaction but is a specific effect of borate ions. 

The presence of borate may interfere with the complete oxida- 
tion of glucose in the time of heating used, or the compound which 


TABLE II. 
Influence of Borate on Optical Acitivity of Glucose. 


| [a] 


degrees | degrees 


3 0.5 ‘ 8.66 | 48.1 
4 25 cc. Solution 3 + 25 cc. H2O...............0....... 4.24 | 47.1 


a was determined at room temperature (25°), a 2 dm. tube and sodium 
lamp being used. The values given are the final values after mutarotation 
had ceased. | 

TABLE III. 


Fehling’s Solution. Influence of Boric Acid and Sulfuric Acid on 
Oxidation of Glucose. 


Acid present. Glucose used. 
0.5 mM 0.75 mM 1.0 mM 1.0 mM 
m.-eq. mg.Cu mq.Cu mg.Cu mg.Cu 
0.0 181 267.5 344 339 
0.5 178 044 
1.0 176 342 
2.5 175 262.0 338 
5.0 173 257.0 332 
10.0 164 247.5 321 339 
15.0 151 237.0 309 
20.0 149 225.7 295 338 


it forms with glucose may be oxidized to give products which are 
different from those ordinarily formed. If the first postulate is 
true, increasing the time of heating should bring the amount of 
copper reduced closer to the amount reduced in the absence of 
borate. Table IV shows that increasing the time of boiling does 
not bring the copper reduced in the presence of borate closer to 
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that reduced when borate is not present and it appears, therefore, 
that the products of oxidation of the glucose in the presence of 
borate are different and less completely oxidized than in its ab- 
sence. 

The solutions (Table IV) were brought to boiling in 4 minutes 
and boiled for the lengths of time shown. Blanks and all deter- 
minations were run in duplicate under reflux condensers to prevent 
concentration of the solutions. 

Micro Reagent of Shaffer and Hartmann.—Somogyi (1926) has 
shown that the optimal initial pH of the carbonate-bicarbonate 
buffer present in the micro reagent of Shaffer and Hartmann 
(1920-21) is 9.8 to 9.9. In the present work the original Shaffer- 
Hartmann reagent has been used because on the addition of boric 
acid the carbonate-bicarbonate buffer will approach the optimal 
condition rather than recede from it. The change in reaction of 
the buffer due to the addition of boric acid may be calculated from 
the dissociation constants of boric acid and the bicarbonate ion. 


[H*] | 
(1) HBO. @ H* + BO; Kypo, = = 6.5 X 10-9 (Clark, 1922). 
: LH BO,| 


For the reaction: 
Co, + HBO, HCO; + BO; 


_ [HCO;] [BOz] Aupo. 


= 13.5 
[(CO;] [HBO] Kyco; 


(3) Km 


In the original reagent (5 cc.) there are 1.5 mm of NasCO3 and 0.5 mo of 
NaHCO3;. Assuming complete dissociation for all salts, the concentrations 
(in mols per liter) will be, after the addition of 1 mm of HBOs:: 


[HCO;-] = 0.1 + 

[(CO;7] = 0.3 — [BO.7] 
[HBO.] = 0.2 — 

Substituting in equation (3) and solving: 

= 0.19 

[COs] = 0.11 

[HCO;"] = 0.29 

pH = 10.3 + log — = 9.9 


0.29 


¢ 
v vo 
2 
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These calculations take no account of possible loss of CO, 
which, as Somogyi has shown, is a factor affecting the reaction of 
the mixture; nor do they allow for the dissociation as an acid of 
the small amount of glucose borate ester which might be present. 
This latter factor is negligible because if all the glucose (0.005 mm) 
combined with boric acid, the concentration of this stronger acid 
would be only 0.001 m in the undiluted reagent. The value of 
the pH given above is to be regarded only as an approximation 
which nevertheless is sufficiently exact for our purpose. 

Judging by the pH of the buffer alone, the amount of copper 
reduced when 1.0 mo of boric acid is added should be greater than 


TABLE IV. 
Fehling’s Solution. Influence of Time of Boiling. 


1 mM glucose + 


Time of boiling. 1 mM glucose. a ae Difference. 
min mg.Cu mg.Cu mg.Cu 
2 334 316 18 
5 335 317 18 
10 340 322 18 
TABLE V. 


Shaffer-Hartmann Micro Method. Copper Reduced by 0.005 mm Glucose in 
Presence of Borate. 


0.500) 1.000 
1.35 | 0.63 


present, mM............... | 0.00 | 0.025! 0.050) 0.250 
Cu** reduced, mg................ | 1.99 | 1.94 | 1.86 | 1.81 


when no boric acid is present. Instead a marked decrease is 
found which we ascribe to the effect of the borate ion. Table V 
shows the number of mg. of copper reduced by 0.005 mm of glucose 
in 15 minutes in this solution when borate is present in varying 
amounts. 

Experiments on the effect of time of heating on the amount of 
copper reduced showed that the reduction was not complete in 
15 minutes when borate was present. Fig. 1 shows that the rate 


of oxidation as well as the amount of copper reduced are both 
decreased when borate is present. 

The borate has two possible effects: (1) It reduces the concen- 
tration of free glucose which may be oxidized at a given time; or 
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(2) it forms a compound with glucose which may be oxidized 
directly to give end-products differing from those given by glucose 
alone and which therefore may reduce a different quantity of 
copper. ‘The curves of Fig. 1 which show that borate decreases 
the amount of oxygen utilized by the glucose even though the 
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Fic. 1. The effect of boric acid on the reduction of copper in the Shaffer- 
Hartmann micro reagent. Curves I, II, and III were obtained with 0.01 
mM of glucose alone, and in the presence of 0.6 mm HBO; and 1.0 mu HBO: 
respectively. Curves IV, V, and VI were obtained with 0.005 mm glucose, 
without addition, with 0.5 mm HBO,, and with 1.0mm HBO; respectively. 


heating be continued for 2 hours seem to indicate that both effects 
are present, but that the second postulate is probably more 
important quantitatively. 

Benedict’s Qualitative Reagent.—If Benedict’s qualitative re- 
agent is used in the manner directed by Shaffer and Hartmann for 
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quantitative work, an interference with complete oxidation of 
glucose in the presence of boric acid is encountered. 

0.25 mm of glucose and varying amounts of boric acid dissolved 
in 25 cc. of water were added to 25 cc. of the reagent. The solu- 
tions were brought to a boil in a covered flask in 4 minutes and 
boiling continued for 5 minutes. The results are shown in Table 


TABLE VI. 


Benedict’s Qualitative Reagent. Influence of Boric Acid on Copper Reduced 
by 0.25 mu Glucose. 


Copper reduced, mg.............. 80.3 | 78.5 | 73.2 | 63.4 | 40.2 | 25.0 
TABLE VII. 
Benedict’s Qualitative Reagent. Influence of Borate on Rate of Reduction 
of Copper. 
Time of boiling. 0.25 mm glucose. + 
min. mg.Cu mg.Cu mg.Cu 
5 80.3 63.4 40.2 
10 79.6 66.3 51.5 
15 80.3 67.2 56.7 
20 80.1 67.5 58.0 
TABLE VIII. 
Folin Titration. Error Caused by Boric Acid Added to Glucose Solutions. 
H3BOs Titration. Error. 
per cent ce. per cent 
0.0 
0.5 2.60 2.8 
1.0 2.65 4.7 
2.0 2.90 14.4 


VI. By lengthening the time of boiling, more copper is reduced, 
but, as in the previous reagents, it does not reach the values found 
in the absence of borate. The solutions were brought to a boil in 
4 minutes and boiling continued the length of time shown. Ap- 
propriate blanks were run. The results are given in Table VII. 
Folin-Peck-McEllroy Method.—Since the Folin titration has been 
extensively used in this laboratory for the determination of sugar 
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in diabetic urines, we have determined the errors produced by the 
presence of boric acid in glucose solutions. Duplicate titrations 
usually checked within 0.02 ce. All solutions contained the same 
amount of glucose but variable quantities of boric acid. The 
results are given in Table VIII. 


Oxidation of Glucose by an Acid Oxidizing Reagent. 


Barfoed’s Reagent.—Since it was shown in Table II that borax 
has a marked effect upon the optical activity of glucose but that 
boric acid produces no change in the specific rotation, it is interest- 
ing to compare the oxidation of glucose by an acid copper reagent 
in the presence and absence of boric acid. As shown in Table IX, 


TABLE IX. 
Barfoed’s Reagent. Influence of Boric Acid on the Rate of Oxidation 
of Glucose. 


The results are expressed in cc. of 0.02 N Ip. 


Glucose, mM...... 0.025 0.025 0.05 0.05 

HBO2,mmM........ 0 2.5 0 2.5 
min, 
15 1.02 1.07 2.10 2.16 
30 2.34 2.43 4.31 4.39 
45 3.17 3.28 5.53 5.53 
60 3.88 3.93 6.32 6.34 
75 4.33 4.51 6.88 7.13 
90 4.69 4.77 7.34 7.47 


the presence of boric acid does not alter the rate of oxidation of 
glucose by Barfoed’s reagent. 

In passing, a few remarks on the technique of these determina- 
tions are inserted. Since some difficulties were encountered, the 
conditions under which satisfactory duplicates could be obtained 
with pure glucose solutions were worked out. The reagent used 
contained 0.16 mol of copper acetate and 0.16 mol of acetic acid 
per liter. 5 cc. of this reagent were heated with 5 cc. of the sugar 
solution and the copper reduced was determined by the “cuprous” 
titration method of Shaffer and Hartmann. Exactly 5 ce. of a 
solution containing 30 gm. of KI and 2.7 gm. of KIO3 per liter 
(= 0.071 n I.) were added to the copper solution containing the 
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Cu,0 followed by 2 cc. of saturated potassium oxalate solution 
and 1 ce. of 2.56 N H.SO,. After gently stirring the cuprous oxide 
precipitate with a glass rod to insure complete solution, the excess 
iodine was titrated with 0.02 n thiosulfate. The blank titration 
remained constant during the longest heating period but the 
amount of copper reduced appears to be altered by slight changes 
of the temperature of the water bath. The solutions containing 
the boric acid were heated at the same time as the controls con- 
taining no boric acid. 

These data do not mean that combination between boric acid 
and glucose does not occur, but that due to rapid hydrolysis the 
small amount present does not affect the rate or extent of oxida- 
tion. 


Oxidation of Glucose by Alkaline Iodine Solutions. 


The oxidation of glucose to gluconic acid involves only the 
aldehyde group. When the aldehydic hydroxyl group of the 
lactone is blocked, as in glucosides, no oxidation occurs. [If it is 
assumed that boric acid or borates react with glucose to form 
easily saponifiable esters involving the aldehydic hydroxy] group, 
the prediction may be made that boric acid will decrease the rate 
of oxidation of glucose to gluconic acid but will not interfere with 
the final completion of the reaction. 

Romijn (1897) who first used alkaline iodine solutions to deter- 
mine glucose advocated the use of a weak alkali to prevent the 
formation of iodate from the hypoiodite. Strangely enough he 
used borax for alkalinity and allowed 24 hours for complete oxida- 
tion. However, Willstitter and Schudel (1918) found that quan- 
titative results were obtainable within 15 minutes if the borax was 
replaced by the gradual addition of an excess of 0.1 N NaOH. 
Cajori (1922) used sodium carbonate as the alkali and obtained 
quantitative results in 25 minutes. 

Since the addition of boric acid to the carbonate solution will 
change the reaction of the solution, preliminary experiments were 
performed to ascertain the effect of the pH of the carbonate buffer 
on the rate of oxidation. Molar solutions of sodium carbonate 
and bicarbonate were prepared from the best grades of the salts 
available in the laboratory and the quantities of each measured 
and mixed in proper proportion to give several solutions cont ain- 
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ing 0.03 N Nat but of different pH. 125 ce. of exactly 0.1 N I, 
solution were measured into a 250 cc. volumetric flask and the 
glucose (450 mg. = 2.5 mM), which had been weighed and dis- 
solved in a little water, was washed into the flask and the buffer 


solution added. This was taken as zero time. The flask was 


Oxidation 


QO AO 60 80 100 izO 
Minutes 


Fic. 2. The effect of boric acid on the rate of oxidation of glucose by 
alkaline iodine solutions. The figure below each curve represents the pH 
of the buffer present. The solid circles indicate the presence of borate. 
The exact compositions of the solutions are as follows: 


Calculated pH...... 9.3 9.7 10.0 10.1 10.6 11.6 
Na2COs, w...... 0.025 | 0.15 | 0.075 | 0.15 | 0.15 | 0.15 
NaHCO;, w..... 0.250 0.150 

HBO», M........ 0.15 0.10 | 0.05 


rapidly filled to the mark, stoppered, and the contents mixed by 
inverting. Beginning at 2 minutes, 25 cc. samples of thesolution 
were removed and immediately run into an excess of H.SQ,; the 
iodine remaining in the sample was titrated with thiosulfate solu- 
tion and the results expressed in per cent of glucose oxidized. 
Experiments were carried out at room temperature (22-25°). 


| 
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The pH of the carbonate-bicarbonate buffer was estimated from 
the data of Auerbach and Pick cited in Clark (1922), but the 
actual pH of the solution during the oxidation differs from this 
because of the formation of anions from iodine. The results of this 
control series are shown with the results with carbonate-boric 
acid mixtures in Fig. 2. The experiments were performed in the 
manner described above and the pH of the buffer was estimated as 
previously described in the section on the micro reagent of Shaffer 
and Hartmann. Colorimetric tests showed that the pH values 
were in the calculated order and that the addition of glucose in the 
concentrations used had no appreciable effect on the pH. 

The curves of Fig. 2 show the course of the reactions in carbon- 
ate-boric acid mixtures and carbonate-bicarbonate mixtures. 
Comparison shows that the rate is markedly decreased by the 
presence of borate. The curve for the carbonate-boric acid mix- 
ture of pH 10.1 shows a slower oxidation than the carbonate-bi- 
carbonate of pH 9.3 in spite of the fact that increasing alkalinity 
favors the oxidation. Borate does not interfere with the comple- 
tion of the oxidation but does interfere with its rate. The influ- 
ence of temperature on the rate of oxidation of glucose by iodine 
has been tested by comparing the rates in carbonate-bicarbonate 
mixture of pH 10 and in carbonate-boric acid mixture of pH 10.1 
in an ice bath, and in the incubator at 36°. The solutions were 
brought to the temperature of the bath before mixing. A rise in 
temperature increased the rate in both mixtures but the rate in 
the carbonate-boric acid mixture was always much slower than 
in the other buffer. 


Influence of Borate on the Oxidation of Other Sugars. 


The experimental data cited above would lead one to suspect 
that most other sugars would respond to the addition of boric acid 
by a decrease in reducing power toward Fehling’s solution, and if 
they are aldo sugars by a decrease in the rate of oxidation by 
alkaline iodine solution. Table X shows that the oxidation of 
fructose, galactose, maltose, and lactose by Fehling’s solution is 
less complete in the presence of borate than in its absence but the 
oxidation of arabinose seems to be unaltered. 

The lactose, maltose, and galactose were the Pfanstiehl, c.P., 
Special brand, and the arabinose a c.p. Will Corporation sample 
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which gave the calculated values by Cajori iodine method. 0.5 
mM of each of these sugars was used for the determinations given 
in Table X. Since the fructose was not c.p., the results with this 
sugar may not be entirely satisfactory. 

The effect of borate on the rate of oxidation of various sugars 
by alkaline iodine solutions is shown in Table XI. The experi- 
ments were performed in the manner described previously with 


TABLE X. 


Influence of Borate on Copper Reduced in Fehling’s Solution by 
Various Sugars. 


Sugar, 0.5 mM. No addition. ~~ Difference. 

mg.Cu mg.Cu mg.Cu 

177 167 —10 

162 155 — 7 

150 151 + ] 

TABLE XI. 


Influence of Borate on Oxidation of Sugars by Alkaline Iodine Solutions. 
Results are expressed in per cent of complete oxidation. 


Sugar. | Glucose. Fructose. Galactose. Arabinose. Maltose. Lactose. 
Buffer.| CO3;7 | BOe2 | CO37 | BOs | COs" | | COs™ | | CO3™ | BOs | COs™ | 
min. 
2 | 66.1) 22.0; 0.0 | 1.0 | 88.0) 32.7} 93.8) 38.3) 79.5) 62.5) 77.7) 74.7 
5 | 85.0 a 0.5 | 1.4 | 93.0) 56.8) 98.5! 57.5) 89.0) 81.0) 92.9) 91.7 
10 | 97.2) 50.8 98.0) 73.5) 98.6) 74.6) 97.5) 93.8)100.0; 98.4 
20 | 99.0; 74.0 3.0 | 2.5 | 98.2) 86.5,100.3) 88.0; 97.0) 97.8)101.0)100.1 
60 | 99.4) 86.0; 3.5 | 2.3 | 98.2) 95.2) 99.3) 98.0) 99.3) 98.0 
120 | 99.9} 94.5) 6.3 | 2 3 99.0} 98.2/101.5}) 99.3) 99.3)100.0 


the carbonate-boric acid mixture (column headed BO-2) of pH 10.1 
and the carbonate-bicarbonate mixture (column headed CO*;3) of 
pH 10.0. 

The rate of oxidation with hypoiodite of all sugars studied 
except lactose is definitely decreased; corresponding to this 
behavior of lactose it was noted by Klein (1878) that lactose does 
not change the reaction of borax solution to phenolphthalein. 
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The effect of borate on the oxidation of lactose by Fehling’s solu- 
tion may be accounted for by the effect of borate on the decom- 
position and partial oxidation products of lactose. 

It has been claimed (Cajori, 1922) that pure fructose is not 
oxidized by alkaline iodine solution but our sample did utilize 
iodine. This may have been due to impurities or the slow oxida- 
tion of fructose itself or to the formation of aldo sugars through 
the effect of alkali. The oxidation of the latter has been shown 
to be depressed by borate. 

The data of Table XI show that borate interferes to a greater 
extent with the oxidation of glucose than with the oxidation of 
galactose or arabinose in alkaline iodine solutions. The inter- 
ferences in the latter sugars are practically equal and it is signifi- 
cant that each contains a favorably oriented pair of hydroxyl 
groups in the non-reducing part of the chain on the basis of the 
amylene oxide structure, whereas glucose does not contain simi- 
larly situated hydroxyl groups. Fischer (1895) found that a- 
methylgalactoside becomes optically active in borax solution 
whereas optical activity is not otherwise present (because of 
internal compensation (Hudson, 1909)). It is conceivable that 
the concentration of borate ion is reduced by ester formation 
involving the non-reducing groups of galactose and arabinose and 
as a consequence less of the ester involving the reducing group is 
present to interfere with its oxidation. We are aware that this 
argument requires substantiation at many points and that the 
extent of ester formation is not necessarily the same wherever the 
same group is involved but may depend also on the particular 
configuration of the remainder of the molecule. Thus borate has 
less effect on the oxidation of maltose which is 4- or 5-glucose- 
a-glucoside (Irvine and Black, 1926) than on glucose, although 


the group available for ester formation is the same in both eases. 


Borate has practically no effect on the oxidation of lactose and 
since lactose is 4- or 5-glucose-6-galactoside (Haworth and Leitch, 
1918), two of the non-reducing hydroxy] groups of the galactose 
residue may have an effect analogous to the same groups in galac- 
tose itself and an interference similar in amount to that found 
with galactose might be expected. But, as in the case of maltose, 
disaccharide formation has a further unfavorable effect on the 
formation of an ester through the reducing hydroxy] group of the 
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glucose residue, and perhaps by virtue of these two unfavorable 
circumstances borate forms but a small amount of ester with the 
reducing hydroxyl group of lactose and consequently does not 
interfere with its oxidation. We hope that more extended study 
of the influence of borate on optical activity of the sugars may be 
correlated with the oxidation data and may help in its elucidation. 


DISCUSSION. 


Alkaline Copper Methods.—Borate, by forming a compound 
with the sugar being oxidized, hinders the oxidation of the alde- 
hyde group by cupric ion. This probably changes the relative 
amounts of the various oxidation products which are formed and 
accounts for the decreased amount of copper reduced when borate 
is present. Some of the decomposition products which normally 
are oxidized further may form compounds with borate and be 
protected to some degree against this further oxidation. These 
decomposition products contain groups favorable to reaction with 
borate such as adjoining hydroxyl groups and a-hydroxy acids 
(Rimbach and Ley, 1922). 

Alkaline Iodine Solutions —The formation of borate esters in- 
terferes with the oxidation of the aldehyde group by decreasing 
the concentration of sugar available for oxidation by hypoiodite 
and therefore decreasing the rate of oxidation. As glucose is 
removed by oxidation, the ester is saponified by reversal of the 
reaction: 


+ 005: BOH + 


making more glucose available for oxidation and allowing the 
oxidation to proceed to completion. 


CONCLUSIONS. 


1. The presence of borate decreases the amount of cuprous 
oxide formed by the oxidation of glucose, galactose, fructose, 
maltose, and lactose in Fehling’s solution and decreases the rate 
and extent of oxidation in copper reagents which owe their alka- 
linity to sodium carbonate. 

2. In an acid oxidizing reagent (Barfoed’s) the presence of 
boric acid has no effect on the oxidation of glucose. 
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3. In the oxidation of glucose, galactose, arabinose, and maltose 
at the aldehyde group by alkaline iodine solutions, boric acid 
measurably decreases the rate of reaction. This does not appear 
to be the case with lactose. 

4. The improper use of boric acid solution in collecting urines 
by catheter in the study of carbohydrate metabolism may give 
rise to serious errors. 
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A STUDY OF THE POSSIBLE ROLE OF ALUMINUM 
COMPOUNDS IN ANIMAL AND PLANT PHYSIOLOGY. 


By E. V. McCOLLUM, O. S. RASK, anp J. ERNESTINE BECKER. 


(From the Department of Chemical Hygiene, School of Hygiene and Public 
Health, the Johns Hopkins University, Baltimore.) 


PLATE 1. 
(Received for publication, February 23, 1928.) 


Aluminum is the most widely and abundantly distributed 
metallic element in the earth’s crust, of which it is estimated to 
represent 7.3 per cent, whereas iron and calcium represent only 
4.2 to 3.5 per cent respectively. Accordingly, aluminum must 
have been intimately associated with living matter throughout 
the ages. In recent years this element has assumed an increas- 
ingly important and conspicuous roéle in the human environment 
due to its use in the purification of water, in cooking utensils, in 
baking powders, and in medicinal products. Therefore, scrious 
consideration has been given to its possible biological significance 
and to the effects of its salts in the diet. 

Langworthy and Austen (1), Gonnermann (2), Bertrand (3), 
and others, have reported the presence of significant amounts of 
aluminum in a long list of plant and animal products. Osborne 
and Mendel (4) have reported better growth in white rats from 
diets containing “artificial protein-free milk’”’ to which had pre- 
viously been added traces of iodine, manganese, fluorine, and 
aluminum, than from the same “artificial protein-free milk” not 
containing these elements. Daniels and Hutton (5) have sug- 
gested as a result of experimental studies that aluminum may be 
essential to reproduction. 

Such data as the above suggest that aluminum possesses definite 
physiological functions and that this element is an indispensable 
dietary constituent. 

A different view is held by Gies (6) and his coworkers. They 
have since 1905 conducted repeated investigations of the dietary 
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properties of aluminum compounds. As a result they seem con- 
vinced that aluminum compounds when present in the diet are 
absorbed out of the gastrointestinal tract and carried in the blood 
stream to different parts of the body with harmful effects. 

In contrast to the findings of Gies and his coworkers are those 
of the Referee Board of Consulting Scientific Experts (7), of 
which Ira Remsen was chairman. These investigators studied 
the effects on human subjects of a dietary containing biscuits 
baked with the sodium aluminum sulfate type of baking powder. 
From these studies they concluded that aluminum residues 
present in biscuits baked with the sodium aluminum sulfate type 
of baking powder have no harmful effects on metabolism. Similar 
conclusions have more recently been expressed by Schmidt and 


TABLE I. 
Parts of Aluminum per Million. 


Worker. Date. a Wheat. Corn. — 

1867 | 762.0 
Penney, M.D......... 1879 6000-25000 
Myers, V. C., and 

Voegtlin, C......... 1914 450 1700-1800 290 
1924 | 0.2-0.4 7.45.9 9.7-11.2 | 3.3 
Sullivan, B., and Near, 

1927 3.0 


Hoagland (8). These investigators found, furthermore, that all 
aluminum salts ingested were excreted in the feces. 

The wide divergence of views and conclusions expressed by the 
above investigators on the biological and dietary significance of 
aluminum may be due in part to faulty methods of determining 
aluminum. It is interesting to note that in a chronological 
compilation such as is given in Table I there tends to be a pro- 
gressive decrease in the amount of aluminum reported to be found 
in the different biological products indicated. 

Since analytical chemistry has undergone improvement during 
the period covered by Table I, it may be assumed that the earlier 
published data are too high. In 1904 Langworthy and Austen 
published a compilation of data on the biological distribution of 
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aluminum. In the introduction of this publication these writers 
state: 


“In the older investigations, particularly those dealing with the mineral 
constituents of plants, data regarding aluminum are more abundant than 
in later works, and doubtless some of the aluminum reported came from 
impure reagents, from dirt contaminating the sample, or some similar 
cause. ... The greater part of the material included in the compilation does 
not seem open to that objection, for, as time has progressed, analytical 
methods and chemical manipulation have improved, and there is no reason 
why determinations of aluminum made within recent years should not be 
fairly good.”’ 


However, it still seems to be a question whether there exist any 
trustworthy data on the biological distribution of aluminum. 
Further improvement in analytical methods or the selection of 
other and more applicable methods for determining aluminum in 
biological materials may demonstrate that even the most recent 
values in Table I are also too high. 

Several difficulties may be anticipated in determining aluminum 
contents of biological materials by chemical methods. Undoubt- 
edly the most serious of these difficulties is that of preventing 
contamination by aluminum from outside sources. Due to the 
wide-spread occurrence of aluminum, its complete absence from 
the best available chemical reagents and from the laboratory 
environment can hardly ever be achieved or assured even when 
the most rigid precautions are observed. Accordingly, it is 
always exceedingly difficult if not impossible for the analyst who 
uses chemical methods for determining aluminum in such small 
amounts as may be expected to occur in biological matter to 
produce data from which are precluded all possibilities of influ- 
ence by aluminum from outside sources. In using chemical 
methods for determining aluminum in biological material there 
will therefore invariably be the probability that part or all of the 
aluminum reported was due to unavoidable contaminations. 
For ascertaining the presence or absence of small amounts and 
also for approximate estimations of such amounts of aluminum, 
the spectrographic method has the following advantages over all 
chemical methods: (1) sensitiveness; smaller amounts of alumi- 
num can be detected by it; (2) specificity; the possibility of con- 
fusing other substances for aluminum is entirely eliminated; (3) 
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simplicity and rapidity of manipulations; (4) absence of all chemi- 
cal reagents except atmospheric oxygen. Such conditions reduce 
to the lowest possible point all chances of aluminum contamina- 
tion. 

In view of these considerations the spectrographic method was 
used in this investigation. The details of the technique were as 
follows: The material was ashed in silica dishes supported on 
silica triangles over Bunsen flames. The spectrum of the resulting 
ash was excited in a 20,000 volt condensed spark between vertical 
copper electrodes by placing 20 to 30 mg. of the ash in a hollow of 
the lower electrode. The secondary circuit contained a self- 
induction coil which served to reduce the intensities of the lines 
due to air. The spectrum so produced was dispersed and recorded 
on plates by means of a Hilger FE 1 quartz prism spectrograph. 
In the investigation reported in this paper this spectrographic 
technique was employed in ascertaining the biological distribution 
of aluminum and in conjunction with feeding tests for ascertaining 
the dietary properties of aluminum salts. 

The razes ultime of aluminum are, according to de Gramont 
(9), the lines 3944.0 and 3961.5. These numbers are the names 
of the lines and their wave-lengths in Angstrom units. The line 
3961.5 is the first raze ultime because a smaller quantity of alumi- 
num is required to produce it than any other line in the aluminum 
spectrum. This line persists after all the other aluminum lines 
have disappeared as a result of a progressive dilution of aluminum 
in the spectral source. The line 3944.0 is the second rave ultime 
because it is second to 3961.5 in the above respects. 

It was obvious from the work of de Gramont that the purposes 
of the investigation could be served adequately and most con- 
veniently by confining spectral examinations to the above two 
lines. A few preliminary spectrographic experiments of our own 
showed this to be so. Accordingly, only a portion of the spectrum 
sufficient to include these and a few adjoining lines has been 
reproduced in this paper. 

In order to facilitate the identification of lines 3944.0 and 
3961.5, and also in order to demonstrate the absence of these lines 
from the copper electrodes, all spectrograms were produced by 
means of a Hartman diaphragm. The operation of the Hartman 
diaphragm is illustrated by Fig. 1, which represents two typical 
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spectrograms. In each spectrogram the upper spectrum is that 
of the empty electrodes. The middle spectrum, or spectrum of 
the unknown, is that of the same electrodes with 20 to 30 mg. of 
the ash to be investigated in the lower electrode. The third or 
control spectrum is the same as or a continuation of the middle 
spectrum except that 1 drop of a 0.1 per cent solution of aluminum 
in form of the chloride was placed on the lower electrode previous 
to the third exposure and of course after photographing the middle 
spectrum. ‘The two short and relatively heavy lines near the 
center and in the third or bottom spectrum are 3944.0 and 3961.5, 
the former being on the left and the latter on the right. The 
absence of these lines in the upper spectrum is evidence or proof 
that the electrodes do not contain aluminum. Their absence 
from the middle spectrum is evidence of the absence of aluminum 
in the ash, which was placed in the lower electrode. 

In order to ascertain the sensitiveness of this spectrographic 
technique, or in order to ascertain the smallest quantities of 
aluminum which could be detected by it, under conditions of this 
investigation, the spectrograms in Figs. 2 and 3 were prepared. 
Each of the three spectrograms in Fig. 2 represents ash of 10 gm. 
portions of the same fresh whole egg preparation. Another and 
different whole egg preparation was used as a source of ash for 
the three spectrograms in Fig. 3. 

The upper or first spectrogram in Fig. 2 is that of the ash of 
whole egg. In the middle spectrum of this spectrogram no trace 
of either aluminum line is present. Accordingly, so far as can be 
ascertained by this spectrographic technique, whole egg contains 
no aluminum. ‘The second spectrogram in Fig. 2 is of the ash of 
10 gm. of whole egg to which had been added previous to ashing, 
1 ml. of a solution containing 0.001 per cent of metallic aluminum 
in form of the chloride. The egg previous to ashing, therefore, 
contained 1 part per million of aluminum. In the middle spec- 
trum of this second spectrogram it can be observed that this 
concentration of aluminum (1 p.p.m.) was sufficient to produce 
both aluminum lines, although 3944.0 is rather faint. The third 
spectrogram in Fig. 3 is that of 10 gm. of whole egg to which had 
been added 2 ml. of the 0.001 per cent solution of aluminum, 
making a whole egg preparation containing 2 p.p.m. of metallic 
aluminum previous to ashing. In this spectrogram the aluminum 
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lines produced by the 2 p.p.m. are slightly but nevertheless dis- 
tinctly heavier than those produced by 1 p.p.m. in the second 
spectrogram. The spectrograms in Fig. 2 show, therefore, that 
this spectrographic technique is easily capable of detecting 1 p.p.m. 
of aluminum in biological products. Furthermore, the differences 
between the second and third spectrograms in Fig. 2 suggest the 
possibility of approximating the quantity of aluminum present. 

Fig. 3 contains spectrograms which show that this spectro- 
graphic technique is capable of detecting 0.5 p.p.m. of metallic 
aluminum. The first spectrogram in Fig. 3 is that of the ash of 
whole egg without addition of any aluminum. It represents, 
therefore, the same kind of ash as that represented by the first 
spectrogram in Fig. 2. In conformity with the first spectrogram 
of Fig. 2, the first spectrogram of Fig. 3 shows the absence of 
aluminum in whole egg. 

The second spectrogram in Fig. 3 is that of the ash of 10 gm. of 
the same whole egg preparation used in preparing the first spectro- 
gram. But to these 10 gm. was added previous to ashing 0.5 ml. 
of a solution containing 0.001 per cent of aluminum. This mix- 
ture represents, therefore, 10 gm. of whole egg containing 0.5 p.p.m. 
of added metallic aluminum. An examination of the second spec- 
trogram in Fig. 3 will show that this concentration, viz. 0.5 p.p.m. 
of metallic aluminum, is sufficient to produce line 3961.6 but not 
3944.0. The third spectrogram in Fig. 3 is that of whole egg ash 
containing 1 p.p.m. of aluminum added in the same manner. As 
is to be expected, this spectrogram contains both aluminum lines, 
as does the second spectrogram in. Fig. 2. 

For purposes of this investigation the following conclusions may 
be drawn from the experiments represented by the spectrograms 
in Figs. 2 and 3 concerning the sensitiveness of the spectrographic 
technique described above for demonstrating the presence or 
absence of aluminum in biological material.' 


1]n examining the spectrograms reproduced in this paper due allowance 
should be made for the fact that they represent the last reproducing step in 
a successive series of four. The original spectrum was first reproduced on a 
glass negative. ‘The image on the negative was next reproduced on a paper 
print. The image on the paper print was then reproduced on a half-tone 
etching which finally reproduced the images on the accompanying plate. 
In every one of these reproducing steps the original spectrum loses some of 
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1. An aluminum concentration of less than 0.5 p.p.m. is demon- 
strated by the absence of both aluminum lines, since 0.5 p.p.m. 
is sufficient to produce line 3961.5. 3 

2. An aluminum concentration of approximately 0.5 p.p.m. and 
less than 1 p.p.m. is demonstrated by the presence of line 3961.5 
in the absence of line 3944.0. 

3. The presence of both aluminum lines is evidence of an alumi- 
num concentration of 1 p.p.m. or more. 


Biological Distribution of Aluminum. 


This spectrographic technique was applied to a number of plant 
and animal products in order to ascertain the biological distribu- 
tion of aluminum. The following plant products were examined: 
wheat germ, yeast, navy beans, Lima beans, potatoes, carrots, 
and cottonseed meal. The ‘animal products examined were hens’ 
eggs and the following organs and tissues of the rat: liver, kid- 
neys, spleen, testes, ovaries, bone, skeletal muscle, intestinal walls, 
skin, and lungs. All of these products, with the exception of rat 
skin, intestinal walls, and lungs, gave spectrograms identical with 
or at least equivalent to those illustrated by Fig. 1 in that neither 
aluminum line was present. Rat skin, intestinal walls, and lungs 
gave spectrograms which contained line 3961.5 but not line 3944.0. 
The spectrograms of these three products were equivalent to the 
second spectrogram in Fig. 3, which represents a concentration of 
0.5 p.p.m. of aluminum. 

This general survey indicates that aluminum is not a constituent 
of biological material. If present at all its concentration is less 
than 0.5 p.p.m. because this concentration is sufficient to produce 
line 3961.5, which was always absent except in the case of rat skin, 
intestinal walls, and lungs. In these three tissues the aluminum 
was apparently present but its concentration was less than 1 p.p.m. 
Otherwise line 3944.0 would have been present. The presence of 
such a trace of aluminum on the hair, intestinal wall, and in the 
lungs is to be expected. All of these tissues are always in inti- 
mate contact with dust, dirt, and other foreign material in which 


its definition. The interpretations and conclusions expressed in this paper 
are based on examinations of the negatives which show delicate lines more 
distinctly than do the final half-tones. 
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aluminum is invariably present. Therefore a trace of alumi- 
num in such tissues is more apt to represent adsorbed foreign 
matter than any normal tissue constituent. 


Dietary Action of Aluminum Compounds. 


Young rats were raised to mature ages on diets containing 
aluminum compounds. The rats so raised were compared with 
respect to growth, reproduction, and general well being with 
control rats raised under identical conditions on diets free from 


TABLE II. 
Composition of Diets. 


Cum | | 
20.0 20.0 20.0 
Aluminum chloride................ 0.6 
ae 0 3.0 
* Composition of Salt Mixture 185. 
gm. 
1098.5 


aluminum but otherwise identical with the aluminum-containing 
diets. Two separate and independent experiments were carried 
out. In one of these the test diet contained 0.6 per cent of alumi- 
num chloride (Al;Cl,12H.O) and in the other the test diet contained 
3 per cent of a commercial brand of sodium aluminum sulfate, 
calcium acid phosphate baking powder, which had been artificially? 

2 This artificial decomposition was brought about by mixing with 30 


gm. of the fresh powder, 15 ml. of distilled water and heating the resulting 
mixture at 100° for 30 to 45 minutes in a constant temperature oven. 
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decomposed or deteriorated previous to incorporation with the | 
other dietary constituents. The composition of the control diet 
and the two test diets is given in Table II. The baking powder 
had previously been found by analysis to contain 2.1 per cent 
aluminum. Accordingly, 0.6 per cent of aluminum chloride and 3 
per cent of baking powder represent respectively 0.067 and 0.063 
per cent of aluminum in the metallic form. In feeding tests the 
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TExt-FIG. 1. Growth records of control group of rats on aluminum-free 
diet. 


difference between these two concentrations of aluminum may be 
disregarded. 

The rats used in these experiments were born of our breeding 
stock and weighed 45 to 55 gm. each when started on the diets. 
Ten of these were placed on the control diet and thereby served 
as controls. Ten were placed on the aluminum chloride-contain- 
ing diet, and six on the baking powder-containing diet. 

The growth curves of these rats are given on Text-figs. 1, 2, and 
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3. These curves also show frequencies of reproduction. Photo- 
graphs of typical controls and tests are shown by Text-figs. 4 
and 5. These charts and photographs show that rats receiving 
in their diets 600 p.p.m. of metallic aluminum either in form of 
the chloride or sodium aluminum sulfate, calcium acid phosphate 
baking powder are the same as the control rats with respect to 
growth, reproduction, and general appearance. The young of the 


let #90 
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A1,C1 12H 9 0.6 
Agar 2.0 
Vextrin 5544 
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Trext-ria. 2. Growth records of group of rats fed aluminum chloride- 
containing diet. 


controls were in general discarded but a large number of the young 
of both of the test groups was examined for the presence of alumi- 
num by the spectrographic technique already described. These 
examinations were applied to the ashes of the entire bodies of 
baby rats ranging in age from 1 to 7 days and to the ashes of 
individual organs of other second generation young after they had 
been weaned and had subsisted independently for 3 to 4 weeks on 
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their respective test diets. The ashes of the individual organs 
examined in this manner were those of liver, kidney, spleen, ovary, 
testis, skeletal muscle, bone, and intestinal wall. The ashes of 
the entire bodies of the young baby rats and the ashes of all indivi- 
dual organs except those of the skin, lungs, and intestinal walls 
gave spectrograms like those illustrated in Fig. 1, indicating the 
absence of aluminum down to less than 0.5 p.p.m. of the fresh 
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Text-ric. 3. Growth records of group of rats fed aluminum in the form 
of sodium aluminum sulfate baking powder. 


tissue. The spectrograms of the ash of skin contained line 3961.5, 
but not 3944.0, which indicates a concentration of 0.5 p.p.m. but 
less than 1 p.p.m. The spectrograms of the ash of intestinal 
walls contained both lines of such intensity as to indicate very 
little more than 1 p.p.m. It should be mentioned at this point 
that the intestinal walls previous to ashing had been slit open and 
gently agitated for 15 to 20 seconds in each of four successive 1 
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Texr-ria. 4. The rat at the top is the control rat; the lower rat re- 
ceived sodium aluminum sulfate, calcium acid phosphate baking powder. 
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Textr-ric.5. The rat at the top is the control rat; the lower rat received 
aluminum chloride. 
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liter portions of distilled water so that extraneous matter was 
apparently absent. 

The significance of aluminum in the skin, lungs, and intestinal 
walls has already been discussed. In order to ascertain the 
persistence with which aluminum in the diet adheres to or is 
absorbed by the intestinal wall, a series of spectrographic examina- 
tions was made of intestinal and stomach walls of rats raised on 
the three diets; vzz., the control diet, the aluminum chloride diet, 
and the baking powder diet. Typical spectrograms of these 
experiments are shown by Fig. 4. These spectrograms represent 
ashes of intestinal and stomach walls of second generation rats 
which had subsisted on their respective diets 3 to 4 weeks. Pre- 
vious to ashing each of these alimentary tracts was washed in four 
successive 1 liter portions of distilled water in the manner already 
described. The first of these spectrograms is that of the ash of 
the intestinal tract of a second generation control rat about 2 
months old. The second is that of the ash of the intestinal wall 
of a test rat of the same age which had subsisted on the control 
diet during the 3 days preceding the experiment. The third is 
that of the ashes of the intestinal tract of another test rat of the 
same age which had subsisted on the control diet during the 5 days 
that preceded the experiment. All spectrograms show the pres- 
ence of aluminum though less than 1 p.p.m. As might be ex- 
pected the second spectrogram shows the highest concentration. 
However, the third shows no more aluminum than does the first, 
which represents the aluminum content of the intestinal tract of a 
rat raised on a supposedly aluminum-free diet. Apparently, there- 
fore, the intestinal tract does not absorb or combine permanently 
with aluminum in the diet, even though the diet contains large 
quantities, since aluminum which is swept out of the tract in as 
short a time as 5 days could only have been entrapped in a me- 
chanical manner. In this respect no differences could be detected 
between aluminum in form of the chloride and in form of sodium 
aluminum sulfate baking powder residue. 

As the experimental work was being terminated, the livers, 
kidneys, spleens, ovaries, and testes of four of the first generation 
test rats were examined for the presence of aluminum. At the 
time of these examinations, these rats had subsisted on the test 
diets for about 8 months. All of these organs were found to be 
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aluminum-free or rather to contain less than 0.5 p.p.m. of the 
element, since their spectrograms were identical with those illus- 
trated by Fig. 1. 

During the progress of the feeding experiments, spectrograms 
were prepared of the ashes of the three diets and of the feces 
resulting from these diets. These spectrograms are shown by 
Figs. 5 and 6. It is interesting to note that the control diet ap- 
pears free from aluminum but that the resulting feces show line 
3961.5, indicating something less than 1 p.p.m. of aluminum. 
Apparently there was a very small trace of aluminum in the test 
diet, too small to be revealed by the spectrographic method but 
sufficient to represent 0.5 to 1 p.p.m. of the fecal concentrate. 

The heavy aluminum lines of the ash of the aluminum chloride- 
containing diet are due to 0.1 per cent of metallic aluminum, as 
compared with 0.063 per cent of metallic aluminum in the baking 
powder diet. A concentration of 1 per cent of Al,Cl,12H.O or 
0.1 per cent metallic aluminum was used for the first 2 weeks of 
the feeding experiment. The concentration of the Al:Cl.12H.O 
was then lowered to 0.6 per cent in order to equal more nearly the 
aluminum concentration in the baking powder-containing diet. 

The spectrograms in Figs. 5 and 6 indicate, or at least suggest, 
that any aluminum in the diet is excreted without passing through 
the walls of the alimentary tract. The spectrograms representing 
the diet and the feces of the control rats indicate that any con- 
centration of aluminum however small is never absorbed but 


always excreted. 


DISCUSSION OF RESULTS. 


As has already been remarked, previous studies of the biological 
and dietary properties of aluminum compounds have resulted in 
very diverse views and conclusions. These may be divided into 
three groups. According to one, aluminum compounds are very 
toxic and should therefore be excluded from the diet. According 
to a second group, aluminum is a normal constituent of a large 
number of both plant and animal tissues; the introduction into 
the intestinal tract of limited quantities of aluminum is therefore 
not only a normal and harmless occurrence but is probably even 
essential to life. According to the third group, to which belong 
the findings of the Referee Board of Consulting Scientific Experts, 
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our normal consumption of foods, containing added aluminum, is 
not deleterious or injurious to health. 

The present investigation has yielded results which indicate 
that the views of the first group are erroneous, and also that the 
second group is erroneous in its views regarding the wide-spread 
occurrence of aluminum in biological matter. However, the 
results of our investigation confirm the views of the Remsen 
board. 

The following are the only conclusions indicated by the present 
study: 

1. Aluminum is not a constituent of either plant or animal 
matter. 

2. Aluminum compounds are not absorbed out of the stomach 
or intestinal tract when present in the diet. 

3. Aluminum compounds when present in the alimentary tract 
do not form any union or compound with the stomach or intestinal 
walls. | 

4. Aluminum compounds in the diet in concentrations as high 
as 600 p.p.m. of the element aluminum exert no noticeably del- 
eterious action on growth, reproduction, or general well being as 
judged by external appearance and autopsy. 

These conclusions can probably not be regarded as final until 
after additional and confirming data have been obtained on a 
larger variety of materials and other animals. But until then 
there seems to be no other alternative than to accept them as 
tentative. 

This investigation is one of a series on the dietary and other 
biological properties of supposedly biologically rare elements. 
A study of certain dietary properties of fluorine has already been 
reported from this laboratory (10). A consideration of the possi- 
ble biological functions of manganese is now in progress and in 
the near future similar considerations will be given to zinc, boron, 
arsenic, and probably other elements. 


BIBLIOGRAPHY. 


1. Langworthy, C. F., and Austen, P. T., The occurrence of aluminum in 
vegetable products and natural waters, New York, 1904. 

2. Gonnermann, M., Biochem. Z., 1918, lxxxviii, 401. 

3. Bertrand, G., Bull. Soc. hyg. aliment., 1920, viii, 49. 


aa 
as 
* 
4 
4.4 
oe 
a4 
4 
4a 
*. 
* 
if 
wr 
+ 
+ ©, 


768 Aluminum Compounds 


. Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 19138, xv, 311. 

. Daniels, A. L., and Hutton, M. K., J. Biol. Chem., 1925, Ixiii, 143. 

. Gies, W. J., Biochem. Bull., 1916, v, 151. 

. Referee Board of Consulting Scientific Experts of the United States, 
U.S. Dept. Agric., Bull. 103, 1914. 

. Schmidt, C. L. A., and Hoagland, D. R., Univ. Calif. Pub. Path., 1919, 
ii, 215. 

. de Gramont, A., cited by Twyman, F., Wave length tables, London, 1923. 

10. McCollum, E. V., Simmonds, N., Becker, J. E., and Bunting, R. W., 

J. Biol. Chem., 1925, |xiii, 553. 


“IQ Ot 


EXPLANATION OF PLATE 1. 


The two short relatively heavy lines at the center of the bottom spectra 
are the aluminum lines. 

Fic. 1. Two typical spectrograms. Top spectrum, empty copper elec- 
trodes; middle spectrum, copper electrodes with ash to be tested on lower 
electrode; bottom spectrum, same as middle spectrum with 1 drop of 0.1 per 
cent solution of aluminum added. 

Fic. 2. Spectrogram standards. Top spectrogram, egg ash with no 
added aluminum; middle spectrogram, egg ash containing aluminum equal 
to 1 p.p.m. of the fresh egg; bottom spectrogram, egg ash containing alumi- 
num equal to2 p.p.m. of the fresh egg. 

Fic. 3. Spectrogram standards. Top spectrogram, ash of whole egg 
with no aluminum added; middle spectrogram, ash of whole egg containing 
an amount of aluminum equal to 0.5 p.p.m. of the fresh egg; bottom spec- 
trogram, ash of whole egg containing an amount of aluminum equal to 
1 p.p.m. of the fresh egg. 

Fic. 4. Spectrograms of ashes of alimentary tract. Top spectrogram, 
ash of alimentary tract of a control rat; middle spectrogram, ash of ali- 
mentary tract of a test rat which had subsisted on the control diet during 
the 3 days preceding excision of the tract; bottom spectrogram, ash of ali- 
mentary tract of a test rat which had subsisted on the control diet during 
the 5 days preceding excision of the tract. 

Fic. 5. Spectrograms of ashes of diets. Top spectrogram, control diet; 
middle spectrogram, aluminum chloride-containing diet; bottom spectro- 
gram, sodium aluminum sulfate, calcium acid phosphate baking powder- 
containing diet. 

Fic. 6. Spectrograms of ashes of feces. Top spectrogram, feces of con- 
trol rats; middle spectrogram, feces of aluminum chloride test rats; bottom 
spectrogram, feces of sodium aluminum sulfate, calcium acid phosphate 
baking powder test rats. 
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IRON IN NUTRITION. 
V. THE AVAILABILITY OF THE RAT FOR STUDIES IN ANEMIA.* 


By J.WADDELL, H. STEENBOCK,C. A. ELVEHJEM, ano E. B. HART. 
WITH THE COOPERATION OF BLANCHE M. RiIsING. 


(From the Department of Agricultural Chemistry, University of Wisconsin, 
Madison.) 


(Received for publication, March 17, 1928.) 


In order to extend the scope of investigations of iron metabolism 
in this laboratory we decided during the early summer of 1926 
to attempt to use the rat as an experimental animal in addition 
to rabbits and chickens used heretofore. Early in 1925 we had 
done a limited amount of work using rats, but the attempts 
had not been carried to completion and we were in no position to 
make a comparison in the rapidity of production of anemia in our 
rats with those in other laboratories. Other workers had shown 
that anemia could not be produced rapidly inthe rat. With white 
mice, Schmidt (1), feeding a low iron ration of rice and milk for 
three generations, secured a marked anemia in the second genera- 
tion. In the third generation it was most pronounced. Happ 
(2), working in McCollum’s laboratory, investigated the occur- 
rence of anemia in rats fed deficient diets, among these diets being 
cow’s milk and milk and bread. He stated that well balanced 
diets, deficient in iron, do not produce anemia in the rat in the 
first generation, ‘nor do diets consisting solely of cow’s milk 
or milk and bread.”’ He noted that slight anemia might occur in 
the second generation on these diets. Scott (3), before securing a 
well defined anemia in rats, had to breed them from dams which 
were fed white bread and milk from puberty till 10 months of 
age. The dams “showed practically no anemia themselves,’’ but 
the young produced by them, when likewise fed bread and milk, 
developed a chronic anemia characterized by a low color index 


* Published with the permission of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
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and by a tendency to spontaneous cure as the animals got older, 
Scott, before adopting this method, had tried (4) to produce anemia 
in rats by feeding them bread and milk from the time of weaning 
and by subjecting them to eight weekly bleedings, each amounting 
to 1 per cent of the body weight. Under these conditions the ane- 
mia which developed was quite transitory, persisting only for 2 
to 3 weeks after the bleeding was stopped. Hence he abandoned 
this method as being too tedious and time-consuming and adopted 
the method already described. 

In a personal communication from Dr. Mitchell at the Battle 
Creek Sanitarium, we learned that she too had not developed a 
pronounced anemia in rats during the first generation. The 
diet used by her, fully described later (5), was whole milk plus an 
addition of inorganic salts. 

We believed, therefore, that we would have to secure our anemic 
young by breeding them from dams fed a low iron diet such as 
milk, and for this purpose we reserved during the course of about 
2 months 120 young females. They were kept in groups of six 
or seven individuals in cages supplied with pine shavings litter. 
At the same time twenty-five young males were reserved to make 
breeding possible without disturbance or contamination of diet. 
All of these animals were started between 3 and 4 weeks of age, 
weighing generally from 50 to 60 gm. 

The basal diet was whole cow’s milk fed fresh every morning 
ad libitum. This milk was produced by a group of cows receiving 
wheat straw as their only roughage and a grain mixture com- 
posed of wheat and wheat gluten. Some of the cows of this 
group received a supplement of limestone to their grain ration 
and some received a small amount of cod liver oil. We used the 
milk from this group exclusively because we wished to have a 
constant supply from a known source. It may be added here, 
however, that we have also tried, in a few experiments, mixed milk 
from the large college dairy herd and have so far secured essen- 
tially the same results as reported below. 

Since the animals were presumably to be a stock colony they 
were weighed only in 2 week periods. The cages were cleaned 
and fresh litter supplied at frequent intervals. 

The rats grew well for a period of 4 to 6 weeks on the milk diet. 
At this time the weight generally became stationary and finallya 
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rapid decline set in. Coincident with cessation of growth it was 
noted that the animals were very pale and had what might be 
termed a bloodless appearance. ‘This condition was particularly 
noticeable in the totally white rats and especially in their eyes and 
ears. Instead of the healthy pink color characteristic of the 
normal albino eyes, they showed a transparent paleness. ‘The 
animals became quite inactive and huddled together in the cage. 
When they had been on the basal diet for 6 weeks fatalities began 
to occur in each group. In the first fifteen groups started, one or 
more deaths had occurred in each by the end of the 8th week. 
Of the 104 animals, representing these first fifteen groups, thirty- 
four had died by the end of the 8th week period on this basal diet. 


TABLE 


Weights of Rats on an Exclusive Wilk Diet, Recording the First Fatality in 
Each Group of Seven. 


Group No.| 1 2 3 4 5 6 7 8 9 | 10 | 11 | 12] 13 | 14] 15 

Rat No. | 5 | 13 | 21 | 26 | 34 | 38 | 43 | 50 | 59 | 70 | 73 | 92188 | 93 | 90 

milk diet. 

0 50 | 52 | 60 | 55 | 52 | 48 | 65 | 45 | 57 | 50 | 51 | 51! 50} 51] 55 
2 84 | 93 | 76 | Sl | 74 |100 | 97 | 65 | 98S | 88 | 88 | 87} 85) 71) 94 
4 96 {123 |106 |102 | 90 {130 {118 | 85 {105 | 92 |100 |100/100/105/110 
6 * 1109 {119 |106 | 90 | 93 {110 | 83 /106 | 87 | 93 {101/102} 92) 93 
* Dead. 


Other deaths followed in rapid succession and finally we dis- 
carded what few remained. Several other groups belonging to the 
colony we had set aside, which, however, had been started later in 
the summer, were taken in hand and placed on other diets before 
they had been on the basal ration so long and are not reported 
here. 

In Table I is presented a summary of the weights and time of 
death of the first animal in each of the first fifteen groups. 

When the animals began to exhibit pronounced symptoms as 
described and when some had died, we began to investigate the 
blood of the rats to determine whether they were anemic. These 
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investigations showed that indeed a distinct anemia had been 
produced. The red blood cell count of rats picked at random from 
the various groups ranged from 2,875,000 to 6,950,000 per 
c.mm., the majority of the counts being between 3 and 5 millions. 
The hemoglobin content of the blood was similarly reduced to 
between 5 and 9 gm. of hemoglobin per 100 cc. of blood. Both 
of these determinations are much below the normal values given by 
Donaldson (6) and Williamson and Ets (7) and also much below 
the figures determined on other rats in our laboratory, which were 
on a more varied and more complete diet. 


TABLE II. 
Hemoglobin and Red Blood Cell Count of Young Stock Rats Kept on 
Milk Diet. 
Rat No. Erythrocytes per c.mm. ‘Hemegiobin per 100 cc. blood. 
millions gm. 
10 4.17 
15 2.87 5.1 
17 3.40 6.6 
18 6.95 8.9 
19 3.30 6.3 
37 3.20 6.6 
42 6.00 8.1 
4.20 
101 4.85 8.7 
102 8.9 
103 4.75 7.4 


In Table II are presented these first data on the blood condition 
of eleven rats picked from what survived of the first fifteen groups. 

The erythrocytes were estimated in a Levy counting chamber 
with single Neubauer ruling, and the first hemoglobin determina- 
tions were made with the Fleischl-Miescher hemoglobinometer. 
Later we availed ourselves of the use of a Newcomer hemoglo- 
binometer. 

Having demonstrated that we could develop a pronounced nu- 
tritional anemia in our young rats in the course of 6 weeks to 2 
months, we were, of course, glad to discard the original plan of 
breeding them from specially fed females. It has now become 
our regular procedure to wean the litters from our stock colony 
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at between 3 and 4 weeks of age (weight between 50 and 60 gm.) 
and to place them in cages provided with screen bottoms and 
feed them whole milk ad libitum. When the animals have been 
on this diet for 4 or 5 weeks they are segregated into individual 
cages and hemoglobin determinations are made weekly on differ- 
ent members of the litter. In this way the development of the 
anemia is followed. When the anemia has become very pro- 
nounced the animals are changed to some other experimental diet 
to determine corrective possibilities. 

In Table III we have assembled the average results of the many 
hemoglobin determinations which we have made on young rats 
from our stock colony which received cow’s whole milk as the sole 


TABLE III. 
Average Figures Showing Progressive Development of Anemia on Milk Diet. 


No. of Hemoglobin 
individuals.| per 100 cc. blood. 
gm. 

After 3 wks. on milk diet....................... 64 7.11 + 0.10 


diet. These figures were gathered over a considerable length of 
time on a large number of animals as we prepared them for ex- 
perimental purposes. It will be noted that the anemia becomes 
more and more pronounced as time goes on, and if no change is 
made in the diet the animals die. Hemoglobin levels as low as 
2 or 3 gm. per 100 ec. of blood may easily be secured. It must, 
however, be mentioned that the figures for hemoglobin at 6 and 7 
weeks in Table III do not average as low as they should. ‘This is 
due to the fact that many animals were changed from the milk 
diet to an experimental diet before the lapse of the usual 6 or 7 
weeks time. Hence, some of the animals included in the average 
for 6 weeks and 7 weeks are those which had more hemoglobin- 
building reserves and required a longer period of time to develop 
the desired degree of anemia before the change to the experi- 
mental diet. 


. 

| 

+5 
. 
~ 
bow 
‘ 
4 
4 
of 
afl 
‘ 


774 Iron in Nutrition. V 


It may be noted here that we have in great measure dispensed 
with the erythrocyte count in the later work and have used only 
hemoglobin determinations. ‘The former is a laborious and time- 
consuming operation and for our immediate purpose adds little 
or nothing to the information gained from an accurate hemo- 
globin determination. ‘The operation of securing a blood sample 
is much simplified by the fact that only one pipette and one 
diluting fluid is used and it was mainly because of this greater 
expedition that we discarded the erythrocyte count. One person 
can perform the whole operation of taking a blood sample. ‘The 
animal is first wrapped in a towel, the tail is snipped with a pair of 
sharp scissors, and the blood drawn by suction into the pipette. 
We have followed the suggestion made by Mitchell and Schmidt 
(5) of previously warming the tail of the rat in warm water and 
have found it helpful, especially in the case of very anemic indi- 
viduals. After the sample has been taken, bleeding is stopped by 
momentarily applying a hot spatula to the wound. 


DISCUSSION. 


The fact that the young rats in our colony develop a pronounced 
nutritional anemia in such a relatively short time is doubtlessly due 
to a lessened storage or reserve of certain factors in their bodies. 
This in turn brings into discussion the handling and feeding of the 
females which make up the stock colony. The stock ration used 
by us has been described elsewhere (8) and need not be discussed 
here. Suffice it to say that the diet of our stock females is carefully 
controlled, as are the other conditions under which they live, and 
nothing in the way of table scraps or vegetable refuse is allowed 
them as is reported from many laboratories. It may be recalled, 
also, that the diet of our stock females includes considerable quanti- 
ties of whole milk and it is possible that because of this the intake 
of the mixed ration is reduced. This may be a primary factor in 
determining the amount of hemoglobin-forming substance with 
which the young rats are supplied at birth. 

The possibility of a difference in the nutritive properties of the 
milk used by us as compared to that used by other workers should 
also be kept in mind. So far as we have tried other samples of 
milk we have secured essentially the same results, although this 
is a point on which we are doing further work." 
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The females of our stock colony are not in any degree anemic 
themselves. We have never found any evidence of such a con- 
dition nor any reason to suspect it. The young rats themselves 
when weaned are not apparently anemic. It is true that the 
average figure for rats at this age as determined by us is lower than 
that of Williamson and Ets (7). The average found by them on 
77 animals between the ages of 20 and 39 days was 12.62 + 
(0.20 gm. Our figure is 10.83 + 0.24. It remains to be seen 
whether this difference is significant. Weare continuing to gather 
data on the hemoglobin level of our young rats at weaning. 


SUMMARY. 


Young rats, produced in our stock colony, when weaned at the 
age of 3 to 4 weeks and placed on a whole (cow’s) milk diet develop 
a profound anemia in the course of 6 to 8 weeks. Their hemoglo- 
bin titer is reduced, in that time, from 10.83 gm. per 100 cc. of 
whole blood to 4 gm.or less. This stands in contrast with the 
reports of other workers who have found it necessary to carry rats 
into the second generation before anemia made its appearance. 
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IRON IN NUTRITION. 


VI. IRON SALTS AND IRON-CONTAINING ASH EXTRACTS IN THE 
CORRECTION OF ANEMIA.* | 


By J. WADDELL, C. A. ELVEHJEM, H. STEENBOCK, 
AND E. B. HART. 


WITH THE COOPERATION OF EVELYN VAN Donxkj{ AND BLANCHE M. Rusin@a. 


(From the Department of Agricultural Chemistry, University of Wisconsin, 
Madison.) 


(Received for publication, March 17, 1928.) 


In the immediately preceding paper of this series we have 
described (1) the production of a profound nutritional anemia in 
young rats. ‘To summarize briefly, it may be stated again, that 
young rats when weaned at 3 to 4 weeks of age (weighing 50 to 60 
gm.) and placed on a diet of cow’s whole milk develop, in the 
course of several weeks, a marked anemia characterized by very 
low hemoglobin levels. This anemia in our rats develops so 
rapidly that after 6 to 9 weeks of an exclusive milk diet the 
majority of the animals succumbs. The production of such an 
early anemia we believe to be a unique experience because other 
workers have emphasized the necessity of keeping animals on a 
milk diet to the second generation. In consequence of this dis- 
tinctive reaction we were placed in a particularly fortunate position 
allowing us to unravel some of the sequence of factors operative in 
hematopoiesis. It will be recalled that previous work was carried 
out with rabbits and chickens. While these species can be used for 
this work as the results from this laboratory indicate, as a whole, 
they are not so well standardized nutritionally and genetically, 
which led to many experimental failures. These had to be 
balanced by numerous repetitions before unequivoca: data were 
secured. Furthermore, with the rat we have experienced no 


* Published with the permission of the Director of the Wisconsin Agri- 
cultural Experiment Station. 
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difficulty in securing quantitative consumption of the various 
supplementary additions to the basal milk diet which gave us our 
base line of operations. 


Preliminary Experiments. 


In starting our studies of the factors operating in the cure and 
prevention of anemia, our first experiments were necessarily of a 
reconnoitering nature. Although this laboratory had already been 
at work on the problem of iron metabolism for some time (2, 3), we 
were here dealing with correction of anemia in a different species, 
and needs must go back to first principles. 

In the anemia that we produce in our animals there is operating 
the factor of iron starvation. In view of this and also in view of 
the results of Mitchell and Schmidt (4) we naturally included in 
our first experiments a study of the effect of inorganic iron salts. 
We also studied the ash of dried lettuce since this is an iron-rich 
material which we had found peculiarly effective in the cure of 
anemia in rabbits (3). We furthermore included materials from 
an animal source, such as dried beef liver, dried beef kidney, and 
dried beef muscle, and yellow corn and wheat as plant materials 
which, if found corrective, undoubtedly provided a more com- 
plicated situation than the ashes or purified iron salts. 


Preliminary Experiments on Inorganic Tron. 


The iron salts used were ferric chloride (Mallinckrodt’s ferric 
chloride lumps) and ferrous ammonium sulfate (Baker’s c.pP.). 
These two salts represented extremes of the average commercial 
products, one, the chloride, being a product not especially purified, 
while the other, the ferrous ammonium sulfate, was a most care- 
fully purified preparation, being labelled by the manufacturer as 
100 per cent pure. For making up solutions the ferric chloride 
was assumed to have the formula FeCl,-6H.O. Both salts were 
fedin standard aqueous solutions. Usually 1 ec. was added to the 
first feeding of whole milk in the morning and no more milk was 
given till the animal had consumed this. Consumption was 
always good. 

The two iron salts were first fed at a level of 2 mg. of Fe daily 
(6 days per week) to each animal. This amount we considered to 
be in excess of the animal’s needs for iron. Abderhalden (5) in 
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1900 stated that he considered 0.4 mg. of Fe daily was sufficient 
to take care of the iron needs of a rat, and Mitchell and Schmidt 
(4) have had success in the cure of the anemia in their rats by using 


Cuart I. Results of adding inorganic iron and ash of lettuce to basal 
diet of cow’s whole milk. These additions were all made 6 days per week. 
In this and the following charts the solid line represents body weight, the 
broken line, hemoglobin values in gm. per 100 cc. of blood. The line across 
the curve for body weight indicates the point at which addition was made to 
the basal diet; the dagger at the end of the curve denotes death. 


this amount. As we wished first of all to determine decisively 
the effect of inorganic iron, we chose this larger amount, realizing 
that much smaller amounts might be effective. 
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Later as more animals became available, we studied the effect of 
smaller amounts of inorganic iron added as ferrous ammonium 
sulfate to the basal diet of cow’s whole milk. These levels were 
0.1, 0.15, 0.5, and 1.0 mg. of Fe daily (6 days per week). The 
results secured showed that in no case were any of these smaller 
additions of iron effective in correcting the anemic condition of our 
animals. Seventeen animals which received these lower amounts 
all showed only slightly increased hemoglobin production and 
all died. In Chart I are recorded graphically the records of four 
of these animals. These four are chosen because of the fact that 
they survived for relatively long periods, which is particularly 
true in the case of Rats 301 and 313. These two animals showed 
the maximum effect secured from feeding these additions of 
inorganic iron. 

It isto be noted that Rat 313 received aspecially prepared solu- 
tion of ferrous ammonium sulfate. This was used on the 
supposition that possibly the variability in results from different 
sources of iron was due to variation in amount of active versus 
inactive iron in the sense that these terms were used by Baudisch 
(6). We accordingly considered it worth while to subject iron 
salts to certain forces well known to affect atomic and molecular 
structure. To this end, therefore, a small amount of ferrous 
ammonium sulfate was subjected to the action of cathode rays, at 
a short distance from a Coolidge tube for a period of 1 minute. 
The salt was prepared for the exposure by dissolving 200 mg. of it 
in a small amount of water on a 2 inch watch-glass and then 
evaporating it to dryness over a water bath to obtain a thin 
layer spread over the watch-glass. The exposure to the rays was 
made for us by Dr. Farrington Daniels of the Department of 
Physical Chemistry of this institution. After exposure the salt 
was dissolved in water with the aid of a few drops of pure sulfuric 
acid and made up to volume. That it had not been activated is 
shown by the record of Rat 313 (Chart I) which is not essentially 
different from that of Rat 301 receiving the untreated salt. 


Preliminary Experiments with Ash of Dried Lettuce. 


Concurrently with the experiments on inorganic iron we also 
studied the effect of the ash of dried lettuce on hemoglobin build- 
ing. The preparation of this ashed material has already been 
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described (3). Generally 100 gm. of dried lettuce were ashed at a 
time in an electric furnace, powdered, and stored in a desiccator. 

The amounts necessary for individual feedings were weighed 
out daily and rubbed up with a small amount of milk as the first 
morning feeding. It was first introduced at such a level that 1 
gm. of the dried lettuce was fed daily (6 days per week). Five 
animals were used in testing this material. The results were quite 
uniform and showed that the lettuce ash was very effective in 
correcting the anemia. In Chart I are recorded graphically the 
records of two animals, Rats 218 and 270. It may be noted there 
that the addition of the ash of 1 gm. of dried lettuce to the basal 
diet of cow’s whole milk was sufficient to restore the hemoglobin 
titer to normal and to maintain it there, allowing the animal to 
grow to maturity. 

The iron content of our dried lettuce was quite high and it was 
calculated that the addition of the ash from 1 gm. of it introduced 
about 1.4mg.of Fe. This Fe intake was high as compared to the 
amount received by the rats on the previously fed levels of in- 
organic iron. Hence, later, a few experiments were started to 
determine whether smaller amounts of lettuce ash would suffice 
for the cure of this anemia as well. With levels of Fe intake of 
0.1 and 0.15 mg. of Fe daily a few very anemic animals did not 
live long enough to give us definite results. 


Preliminary Experiments with Beef Liver, Beef Kidney, Beef 
Muscle, Yellow Corn, and Wheat. 


For the sake of brevity and convenience these five materials 
will be discussed together. They were chosen because they 
represent a wide variety infoodsubstances. There was, of course, 
good reason to include the beef products because Robscheit- 
Robbins and Whipple (7) in studying the effect of various beef 
products on the regeneration of hemoglobin in dogs, found pro- 
nounced differences in the various organs and tissues, and because 
Minot and Murphy (8) had such success with beef liver feeding 
in the treatment of pernicious anemia in man. We have already 
shown its effectiveness in the cure of nutritional anemia in rabbits 
but it remained to be seen what effect it would have with the rat. 
The yellow corn and wheat were included because of the great 
importance of these two cereals in human and animal nutrition. 
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Cuart II. A comparison of the efficiency in hemoglobin building of three beef 
products and two cereals. In the upper group of rats the five materials were fed at 8 
level of 0.5 gm., 6 days per week. Inthe lower group the materials were fed at a level 
at which they each introduced 0.15 mg. of Fe, 6 days per week. 
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Our idea was to choose a series of varied substances, determine 
their different values in the cure and prevention of the anemia with 
which we were working, and then attempt to explain these differ- 
ences on the basis of their organic or inorganic make-up. 

The beef liver, beef kidney, and beef muscle (beef round) were 
secured from a local meat market. They were sliced, dried in 
galvanized iron pans at about 70—80°, and then were finely ground 
and stored in stoppered glass jars. The yellow corn and wheat 
were also finely ground and similarly stored. ‘The quantities for 
individual feeding were weighed out daily and added to the first 
feeding of milk in the morning. The consumption was always 
good. 

All five materials were first fed at a level of 0.5 gm. per rat 6 
days per week. In later experiments they were fed at different 
levels but with equal iron intake. Beef liver was taken as the 
basis, which showed by analysis that an intake of 0.5 gm. intro- 
duced about 0.15 mg. of Fe. The only substance among the five 
with a higher iron content than the liver was beef kidney. This 
necessitated feeding about 0.35 gm. of dried beef kidney, about 
0.75 gm. of dried beef muscle, slightly less than 2 gm. of the wheat, 
and more than 2 gm. of the yellow corn per feeding. In testing 
each of these materials five, six, and even more animals were used. 

The results of these experiments of which typical records are 
given in Chart II showed unmistakably the high value of beef 
liver in the correction of this nutritional anemia in rats. Not 
only did the animal respond with steadily increasing hemoglobin 
titer, but its physical well being and outward appearance were 
vastly improved and the growth curve went up very steeply. By 
comparison with beef liver, it can be noted, that beef kidney was 
less valuable, and that beef muscle was practically inert. ‘The 
vellow corn and wheat caused increased growth, but apparently 
were unable to cause a similar increase 1n the hemoglobin content 
of the blood and in most cases the animals died. 

It seemed quite remarkable to us that the low intake of 0.15 
mg. of Fe which the feeding of 0.5 gm. of liver introduced (less 
than 1.0 mg. of Fe per rat per week of 6 days) was sufficient to 
maintain such pronounced growth and at the same time increase 
steadily the hemoglobin content of the blood. Increased growth 
of body tissues meant increased blood volume and it appeared, 
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therefore, that the animal was able to make very efficient use of the 
small amount of iron contained in the liver diet. It is not to be 
assumed that this level of iron intake was optimal since it was only 
after a period of 12 to 14 weeks that the hemoglobin level of the 
blood was what might be regarded as normal. The point was 
clear, however, that this iron level when fed as liver was much 
more effective than similar quantities of iron fed as kidney, muscle, 
corn, or wheat, and certainly much more effective than even much 
larger quantities of iron obtained from the inorganic iron salt, 
ferrous ammonium sulfate (see Chart I). Naturally the question 
then arose, was the efficacy of the liver in building hemoglobin due 
to its having the ironina more available form or was it due to some 
accompanying substance or substances? If the latter, was the 
accompanying substance or substances organic or inorganic in 
nature? Since we had already found one inorganic material, 
namely the ash of dried lettuce, which served to cure this anemic 
condition in our animals, might it not be that the inorganic residue 
of liver would prove equally potent? It was with these questions 
in mind that we initiated further experiments. 


Comparative Antianemic Effect of Iron in Different Combinations. 


The possible variable role of iron in different combinations was 
called forcibly to our attention by the results of Mitchell and 
Vaughn (9). They observed a general difference between soluble 
and insoluble iron compounds but solubility evidently was not the 
only factor for even among the soluble compounds they observed 
obvious differences. The acetate, for instance, stood out pre- 
eminently as an efficacious source of iron. To rule out differences 
caused by possible contamination with hemoglobin-building 
impurities we were convinced that the only way to secure unequl- 
vocal data was to prepare various iron salts from a common source 
of iron, preferably of highest purity, by using reagents of highest 
purity. We accordingly prepared the chloride, sulfate, acetate, 
citrate, and phosphate in ferric form as described below. 

Five portions of 2 gm. each of pure iron wire were weighed out 
and to each were added in a beaker 30 ec. of strong nitric acid 
(Mallinkrodt ’s reagent) and 15 cc. of distilled water. The nitric 
acid brought about very quick solution and oxidation to the ferric 
condition. Each of the five solutions was evaporated to dryness 
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on the sand bath and to each a small quantity of hydrochloric 
acid (Mallinkrodt’s reagent) was added and again evaporated to 
near dryness. More hydrochloric acid was added and the solu- 
tions boiled to expel the last traces of nitric acid. At this stage, 
the solutions were diluted and ammonium hydroxide added to 
precipitate the iron as hydroxide. These mixtures were in turn 
boiled to expel the excess of ammonia, and finally the ferric 
hydroxide was filtered off and repeatedly washed. In this way 
five portions of ferric hydroxide were secured. 

To each of these portions of ferric hydroxide was now added a 
calculated quantity of one of the following acids: hydrochloric 
(Mallinkrodt’s reagent), sulfuric (Mallinkrodt’s c.p.), acetic 
(Merck’s c.p.), citric (Merck’s c.p.), and phosphoric (Mallin- 
krodt’s vu.s.P.). During the slow addition of this calculated 
quantity to each of the portions of ferric hydroxide, the mixture 
was digested and stirred over a low flame. By adding a measured 
excess of acid, complete solution was obtained in the case of the 
chloride, sulfate, acetate, and citrate. With the ferric hydroxide- 
phosphoric acid mixture prolonged digestion succeeded in con- 
verting the hydroxide largely to insoluble white ferric phosphate, | 
but even in the presence of a considerable excess of phosphoric 
acid the resultant precipitate maintained a reddish brown tinge 
suggesting the presence of a very small amount of ferric hy- 
droxide. All five preparations were diluted to a volume such 
that 1 ce. contained 1 mg. of Fe. The ferric phosphate was fed 
as a suspension, being vigorously shaken each time before it was 
measured out. 

The five salts were fed at a level of 0.5 mg. of Fe 6 days per week | 
to a total of six litters of animals. Four of these litters had © 
been on the basal diet of cow’s whole milk for a period of slightly 
more than 5 weeks before the addition of the iron salts. At this 
time their average hemoglobin level was slightly more than 6 gm. 
per 100 ec. of blood. Inthe other two litters the addition of iron 
salts was made when they had been on the basal diet of milk only 
3 weeks, at which time their average hemoglobin level was about 
7.5 gm. per 100 ce. of blood. These hemoglobin values are by no 
means low when compared to the low levels that we can secure 
by leaving the animals for a longer time on milk. We chose to 
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In this chart are shown three of the six litters of rats that received as an addition to the basal diet 


6 days per week from the five iron salts. 


IIT. 
0.5 me. of Fe 


Waddell, Elvehjem, Steenbock, and Hart 787 


make these iron additions at a time when the hemoglobin-building 
reserves of the animals were still fairly high so that the inorganic 
iron might show a maximum effect. 

In Chart III are presented graphically correlated hemoglobin 
and growth records of three of the six groups. These results are 
quite uniform and show that no one of these five inorganic salts 
of iron stands out from the others and that all completely fail 
to increase materially the hemoglobin of the blood. ‘The insolu- 
ble ferric phosphate gave results in no way different from the more 
soluble salts. A majority of the animals died in from 4 to 8 weeks 
after the addition was made and those that survived for longer 
periods showed no significant improvement in either physical 
well being or hemoglobin titer. 

Attention may be drawn to the record of Rat 443 in Chart III. 
This rat showed probably the best record of any in the whole series 
as far as hemoglobin is concerned. Its hemoglobin titer when the 
addition was made was 8.4 gm. per 100 ec. of blood. Inopposition 
to the maintained level of hemoglobin, however, is the very poor 
growth response of the animal. Until the last week its body 
weight was always below 90 gm. and much of the time below 
80 gm. This animal received the insoluble iron phosphate. 

Attention may also be directed to the record of Rat 445. This 
was one of the control animals in the series which received no addi- 
tion to the basal diet. It outlived all its litter mates except one, 
surviving much longer than usual for animals so fed. ‘The 
interesting thing about its record is that during the last 6 weeks of 
its life its hemoglobin level was always below 3 gm. per 100 ce. 
of blood. 

The results of the experiments which we have just described, 
added to those described in the preliminary experiments, and 
many others which we have made from time to time, lead us to 
state that, using this level of iron intake alone, we have never suc- 
ceeded in materially correcting the nutritional anemia with which 
we are working. It must not be assumed from this that iron is 
not a factor in the cure of this condition. The point that we make 
is that, apparently, it is only one of several factors. As will Le 
shown later, iron is a necessary element, but relatively small 
amounts will suffice in the presence of other substances. 
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Further Experiments on the Ashes of Certain Materials and on Acid 
Extracts of These Ashes. 


While the experiments on the effect of the various iron salts on 
hemoglobin regeneration were still in progress, we studied in turn 
the inorganic residue from various food materials. It will be 
recalled that in our preliminary experiments we had found pro- 
nounced differences in the blood-regenerating powers of plant and 
animal tissues investigated. We had found dried beef liver to be 
very effective—like the ash of lettuce, but yellow corn, among 
others, was found to have a much smaller effect. However, as 
we have reported, the amount of iron intake in the experiments on 
the ash of lettuce was high as compared with that introduced with 
beef liver and corn, and the possible complicity of organic constit- 
uents in liver and corn made it impossible to compare these 
three materials directly. We, therefore, decided to compare them 
on the basis of their inorganic constituents alone and also on the 
basis of equal iron intake. This, we considered, would be the 
first step in determining whether the iron contained in one was in 
a more available form or whether the iron from one was more con- 
taminated with other materials of an inorganic nature effective in 
hemoglobin building. 

We also deemed it important to ascertain whether acid extracts 
of the ashes of these materials would have the same effect as the 
ashes themselves. If these extracts were as efficacious as the 
ashes from which they were made, it would settle the question of 
varied availability of the iron since the iron in all the extracts 
should be equally available when prepared with the same acid. 
Further, if the extracts were to be found equal in activity to the 
ashes of the three materials, it would serve as an important step 
in the concentration and isolation of the active material. Added 
to these considerations was the fact that the feeding and consump- 
tion of a solution is easier and more complete than an insoluble 
residue, particularly where milk is the basal diet. 

Lettuce, upon ignition, leaves a porous ash which is easily 
scraped from the crucible and powdered. ‘The ashing of corn and 
liver is much more difficult, particularly in the case of liver be- 
cause of its high phosphorus content and fusible nature. To 
overcome this difficulty with liver we resorted to adding calcium 


4 
i 
Ke 
7 
4; 
ag 
4 
‘Sal 
te 
4 
™ 
i 
J 
: 


Waddell, Elvehjem, Steenbock, and Hart 789 


carbonate to the dried liver before igniting. The amount added 
at first was 4 gm. to 100 gm. of dried liver. This mixture when 
ashed gave us a residue which we could handle with ease. We 
dispensed with the feeding of corn ash directly because, due to its 
low iron content, it required a relatively enormous amount for 
each feeding. We used only an acid extract of corn ash instead. 

These extracts were prepared by adding a measured amount of 
strong hydrochloric acid to the ashed residue in each case, digest- 
ing for a sufficient length of time, diluting slightly, and filtering 
off the insoluble residue. The insoluble material was thoroughly 
washed and the resulting filtrate and washings diluted to such a 
volume that either 0.5 or 1 cc. contained 0.5 mg. of Fe. The 
various extracts were not always clear solutions, since on diluting 
some of them a slight precipitate settled out. In such cases the 
extract was always vigorously shaken before any quantity was 
measured out for feeding. For obvious reasons, the quantity 
of acid used was kept at a minimum. In this way we made four 
preparations; one from lettuce ash, one from the ash of liver ignited 
with calcium carbonate, one from the ash of liver ignited alone, 
and one from corn ash. 

In these experiments seven materials were fed and compared, 
namely (1) ferric chloride, (2) ash of lettuce, (3) HCl extract of 
the ash of lettuce, (4) HCl extract of the ash of corn, (5) ash of 
liver ignited with calcium carbonate, (6) HCl extract of the ash 
of liver ignited with calcium carbonate, and (7) HCl extract of 
the ash of liver ignited alone. For the most part they were fed in 
such amounts as were required to furnish 0.5 mg. of Fe. The 
results in hemoglobin production are presented in Table I and 
graphically, correlated with weight relations, in Charts IV, V, 
and VI. 

It seems to us unnecessary to discuss the data here presented at 
any great length. All the additions made in these experiments 
carried equal amounts of iron, and most of the iron was present in 
five of these additions in the same form—ferric chloride; but it is 
seen that the hemoglobin level of the animals receiving only 
ferric chloride gradually falls and that death in these animals 
eventually supervenes. Contrasted with this is the rapid increase 
in the hemoglobin of the animals receiving the iron from the other 
sources. Along with the hemoglobin increase goes increased 
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the eyes, ears, and paws which we feared might be infectious. 
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bodily vigor and increased growth. This improved physical well 
being is a very noticeable feature following the addition of any 
potent material. 


y Weight 


~o 


13 J 
a 
weeke 
ited with|CaC03. 
x | 
/ | / | 
3 
90 L Ll 
x 
0 
5579 | 
a he l extract] of h of] livdr (ignited with C 2) 


555¢ 5569 5709 5719 


0.5 the HCl extrac¥ of ash of liver 


Cuart V. This chart shows the very excellent results secured by adding 
to the basal diet of cow’s whole milk iron contained in the ash of beef liver 
or hydrochloric acid extracts of this ashed material. These additions were 
all made 6 days per week. 
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Cuart VI. Results of adding to the basal diet of cow’s whole milk hydrochloric 
acid extracts of the ashes of lettuce, beef liver, and yellow corn. These additions 
were fed to rats at a level such that they introduced 0.5 mg. of Fe 6 days per week. 
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Attention should be called, however, to those animals which 
received the HCl extract of the ash of liver ignited with calcium 
carbonate (Chart V). It will be noted that in all four cases the 
growth of the animals was markedly depressed for a period of 3 to 
4 weeks after the addition was made. Following this period the 
growth was apparently normal. This was undoubtedly due to 
the relatively large amount of soluble calcium salts present in this 


TABLE I. 
Average Hemoglobin Levels, at Time Addition Was Made and at Intervals 
Thereafter, of Animals Receiving 0.6 Mg. of Fe from Ashes and 
Ash Extracts of Various Materials Compared with 
Ferric Chloride. 


So S 


Gm. hemoglobin per 100 cc. blood. 


At time of {7.30(8)*| 7.36(2)!| 7.02(6)| 5.80(4)| 6.19(4)| 6.91(8)| 6.72(4) 
addition. 
After addi- 
tion. 
2 wks. 6.10(8) | 9.20(2)| 7.57 (6)/10. 31 (4)/10. 61 (4)|10.88(8)} 5.86(4) 
6.00(6) {11.01 (2)|10. 46(6)/13.33 9.92(4) 
6 4.72(5) |12.38(2)|12.56(6)|12. 43 
6.32(3) 46(4)/15. 32 (3)|14.91 (8))14.30(4) 


* The figures in parentheses refer to the number of animals used in ar- 
riving at the average figure. 


particular preparation, a condition sufficient to cause the death 
of one of the animals, Rat 557. No such untoward effect was 
noted where an equal quantity of calcium was fed in the form of 
the ash of liver ignited with calcium carbonate—presumably 
because of its being present in more insoluble form. In no case, 
however, in any of these animals which received the calcium- 
containing preparations is any depression noted in the hemo- 
globin regeneration. 
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In comparing the efficiency of the ashes and ash extracts, 
although all serve to cure the anemic condition in our animals, it 
appears that the beef liver preparations (Charts IV to VI and 
Table I) are slightly more prompt in bringing about acure. The 
preparations of corn ash and lettuce ash apparently contain the 
hemoglobin-building substance, or substances, in slightly less con- 
centration. 

It appeared to us that the results of all these data which we 
have presented could best be explained by assuming that, in 
addition to iron, the ashes and extracts of the ashes of corn, lettuce, 
and beef liver contained some other substance, or substances, 
vitally concerned in the building of hemoglobin. What this 
substance was we did not know but that it was inorganic in 
nature was definite. Necessarily such a substance would have to 
be active in exceedingly small amounts. 


SUMMARY. 


1. Evidence is presented showing that inorganic iron salts 
(chloride, sulfate, acetate, citrate, and phosphate), when fed at 
such a level that they introduce 0.5 mg. of Fe daily (six times per 
week), fail to increase materially the hemoglobin level in anemic 
rats. 

2. The ashed residues from dried beef liver, dried lettuce, and 
yellow corn, and acid extracts of the same, when fed at such a 
level that they introduce 0.5 mg. of Fe six times per week, are Very 
effective in curing the anemia produced in rats by a diet of cow’s 
whole milk. 

3. These results are explained by assuming that the ashes and 
ash extracts contain in addition to iron some other inorganic 
substance, or substances, vitally concerned in the building of 
hemoglobin. 
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IRON IN NUTRITION. 


VII. COPPER AS A SUPPLEMENT TO IRON FOR HEMOGLOBIN 
BUILDING IN THE RAT.* 


By E. B. HART, H. STEENBOCK, J. WADDELL, ann C. A. ELVEHJEM. 
WITH THE CooPERATION OF EVELYN VAN Donxf AND BLANCHE M. RIISING. 


(From the Department of Agricultural Chemistry, University of Wisconsin, 
Madison.) 


(Received for publication, March 23, 1928.) 


In the preceding paper of this series (1) we have presented 
data showing that iron salts of high purity, when fed at levels of 
0.5 mg. of Fe six times per week, were ineffective in correcting a 
progressive anemia in rats confined to a diet of cow’s whole milk; 
but that an equal amount of iron fed as the ash, or acid extract 
of the ash, of dried lettuce, of yellow corn, or of beef liver was 
very potent in restoring to normal the hemoglobin of the blood 
stream. 

When we were in the midst of those investigations, we were 
fortunate to obtain for experimental purposes—before it appeared 
on the open market—a generous quantity of a liver preparation! 
from Eli Lilly and Company. This was essentially that fraction 
of liver, the preparation of which has been described by Cohn and 
associates (2), which has been found very effective in the treatment 
of pernicious anemia. We were, naturally, curious to find out 
whether this would be effective in the treatment of anemia in our 
animals, particularly in view of the fact that it is low in iron. 


* Published with the permission of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

t E. R. Squibb and Sons Fellow. 

1We want to thank Dr. Cohn, Dr. Murphy, the Harvard University 
committee, and Dr. Rhodehamel of Eli Lilly and Company for this courtesy. 
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Experiments with Lilly Preparation. 


We first fed the EK. L. preparation? to four anemic rats at a level 
of 0.3 gm. 6 days per week, in two cases supplementing it with 


Body t Te 
gm. gm. 
130 7 weeks 2 
90 8 
15939 5979 
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CHART 


Company preparation, with and without additional iron. 


I. In this chart are shown the results secured when there was 
added to the basal diet of cow’s whole milk 0.3 gm. of the Eli Lilly and 


These additions 


were made 6 days per week. The solid lines in this and the following charts 
represent body weight, while the broken lines represent hemoglobin in 
gm. per 100 ce. of blood. 


2 Eli Lilly and Company preparation, Lot No. W 373. 
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0.5 mg. of Fe as ferric chloride. From the information printed on 
each vial we considered that 0.3 gm. was approximately equivalent 
to 1.7 gm. of dried beef liver, which we had used in our previous 
experiments to introduce 0.5 mg. of Fe. An analysis showed that 
the E. L. preparation contained only 0.008 per cent Fe. The 
feeding of 0.3 gm., therefore, introduced only 0.024 mg. of Fe. 

The results of this experiment are shown in Chart I. It will 
be seen that the hemoglobin levels of the animals receiving only 
the E. L. preparation remained low, while those animals which 
received iron in addition to the E. L. preparation increased their 
hemoglobin very rapidly and attained normal levels in a short 
time. It is interesting, however, to note the marked growth 
response of the two animals which did not receive extra iron. 
Outwardly, these two animals appeared almost as thrifty as the 
two which received the extra iron supplement. We mention 
this point to emphasize again what we have noted before; namely, 
that very efficient use is made of small amounts of iron in the diet 
in the presence of other factors. 

Having shown that this E. L. preparation was efficacious in 
the cure of anemia in our rats we naturally turned our attention 
to the ash of this material. In the next experiments we fed the 
ash and a hydrochloric acid digest of the ash to anemic rats. The 
ash and the acid digest were fed 6 days per week at a level that 
represented 0.3 gm. of the original E. L. preparation, supple- 
mented in each case by 0.5 mg. of Fe as FeCl3. The quantities 
for individual feedings were ashed in small crucibles and just prior 
to being fed, a small amount of milk was added to the ashed 
residue in the crucible and after standing a few minutes was rubbed 
up with a stirring rod. The ash was easily dispersed in the milk 
and consumption was excellent. The hydrochloric acid digest of 
the ash was prepared by heating the ash in dilute HCl and diluting 
to definite volume. 

In addition to the ash and HCl digest of the ash we also fed a 
hydrochloric acid extract. The ashed residue from a rather 
large quantity of the E. L. preparation was first extracted with 
a small amount of strong HCl and then filtered. The filtrate was 
evaporated to dryness and then dehydrated in an oven at 110°. 
This dehydrated mass was in turn extracted with dilute HCl, 
filtered, and upon dilution to suitable volume was fed to anemic 
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Cuart II. In this chart are presented the results secured when there was added to 
the basal diet the ash, an acid digest of the ash, or fractions of the ash of the E. L. 
preparation, supplemented in each case with Fe. These additions, each representing 
0.3 gm. of the original preparation, were made 6 days per week. 
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rats. The residue remaining from this last extraction was sus- 
pended in water and likewise fed to anemic rats. It is referred 
to in Chart II as “silica fraction.”’ Both fractions were fed at a 
level representing 0.3 gm. of the original E. L. preparation and 
both were supplemented with 0.5 mg. of Fe as FeCl. 

The results of these experiments on the ash, the HCl digests, 
and extracts of the ash are presented in Chart II. These data 
show very conclusively that the ash and HCl digest and extract 
of the ash were, when supplemented with additional iron, very 
effective in curing the anemia in our animals. It is also to be 
noted that the silica fraction was totally inert, supplemented as it 
was with additional iron. These results suggested that the E. L. 
preparation might represent a fraction containing in greater con- 
centration that substance (or substances) which we had assumed 
as being present in the ashes of yellow corn, dried lettuce, and 
dried beef liver. This seemed particularly true in view of the 
fact that we had found beef liver to contain the unknown substance 
in slightly greater concentration than corn or lettuce. 


Fractionation of the Ashes. 


Quite early in our experiments we had made an attempt to 
fractionate the acid extract of the ash of lettuce. To accomplish 
this we treated the ash of a known quantity of lettuce with strong 
HCl, then filtered and dehydrated it. The dehydrated mass was 
in turn digested with dilute HCl and the silica filtered off. The 
filtrate was then treated with ammonia to precipitate the iron 
hydroxide fraction. The precipitate was filtered off, dried, and 
fed at a level which introduced 0.5 mg. of Fe. The filtrate from 
the ammonia precipitation was evaporated to dryness, ignited to 
get rid of the ammonium chloride, and fed at a level representing 
an amount of lettuce equivalent to the hydroxide precipitate. The 
dried residue from the filtrate was, of course, supplemented with 
0.5 mg. of Fe as FeCl;. Both preparations were added to the basal 
diet of anemic rats six times per week. 

The results from this fractionation, which are presented in 
Chart III, show that no clean cut separation of an active from an 
inactive fraction was made by means of ammonia precipitation. 
Both fractions were effective in restoring the hemoglobin to normal 
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levels, ‘although recovery seemed to be more rapid on the ammo- 
niacal precipitate. 
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CuartTIII. In this chart are presented the results of the first attempt 
to fractionate the hydrochloric acid extract of the ash of lettuce. It will 
be seen that the material effective in hemoglobin formation is apparently 
present in both fractions. 
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With this experience available, in directing our attention to the 
fractionation of the ash of the E. L. preparation we decided to 
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Cuart IV. The above are the results secured when there were added 
to the basal diet of cow’s whole milk the three fractions of the hydrochloric 
acid extract of the ash of the E. L. preparation, supplemented in each case 
with Fe. These additions were made six times per week. 
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make it more drastic. To this end we extracted the ash with 
strong HCl, dehydrated it by heating, digested it with dilute HCl, 
and filtered off the silica as described and then made our first 
separation by means of hydrogen sulfide. There resulted a small 
but distinct precipitate of sulfides which was filtered off. The 
filtrate was then treated with ammonia and ammonium sulfide 
and the resultant precipitate also was filtered off. In this way we 
secured three fractions, (1) H.S precipitate, (2) NH,OH-(NH,).S 
precipitate, and (8) filtrate. The sulfides were dissolved in HNOs, 
evaporated to dryness, taken up in HCl, again evaporated to 
dryness, and finally taken up in water. The NH,OH-(NH,)2S 
precipitate was dissolved in HCI, evaporated to dryness, and taken 
up in water. ‘The filtrate was evaporated to dryness and ignited 
and also suspended in water. All three fractions were fed at 
levels representing 0.3 gm. of the original E. L. preparation six 
times per week, being supplemented in each case by 0.5 mg. of 
Fe as the chloride. 

The results secured when these three fractions were added to 
the basal diet of cow’s whole milk of two litters of anemic rats are 
shown in Chart IV. It will be noted there that the H.S fraction 
was the potent one—the others being completely ineffective in 
causing increased hemoglobin formation. The animals receiving 
the fraction obtained by precipitation with hydrogen sulfide 
increased their hemoglobin content in every way comparable to 
those which had been fed the E. L. preparation or its ash. This, 
of course, could not be due to a higher iron intake because iron is 
not precipitated in the effective H.S fraction. 


First Trial of Copper. 


Shortly before the time that these fractions of the E. L. prepara- 
tion were studied a trial was made of the effect of the addition of 
0.25 mg. daily of copper as copper sulfate plus 0.5 mg. of Fe as 
ferric chloride added to our whole milk diet. This was done with 
an individual rat, No. 621, which had been made anemic and had 
a hemoglobin content of only 2.68 gm. per 100 cc. of blood. The 
copper sulfate used was a stock laboratory preparation marked 
Merck c.p. The FeCls was our preparation from standard iron 
wire. 
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We made this trial of a copper salt because it fitted into our 
scheme of testing all inorganic elements as supplements to iron 
which have been recognized as present in biological materials. 
Further, its immediate use was suggested by the fact that we had 
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Cuart V. The above is the record of Rat 621, which received 0.25 mg. 
of Cu as copper sulfate and 0.5 mg. of Fe as ferric chloride 6 days per week. 
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Kia. 1. Rat 621. First attempt in correcting anemia with FeCl; and 
CuSO,;. This rat was made anemic by a whole milk diet. When the 
hemoglobin reading was 2.68 gm. per 100 ec. of blood 0.5 mg. of Fe as FeCl, 
and 0.25 mg. of Cu as CuSO, were added to the diet daily. In2 weeks after 
these additions the hemoglobin titer was 9.35 gm.; in 4 weeks 10.94 gm.; 
and in 6 weeks it reached the level of 13.34 gm. Without the copper addi- 
tion the rise in the hemoglobin would not have oecurred. 


often noticed a pale blue color in the ash of some of the materials 
studied, particularly the ashes of lettuce and the E. L. preparation. 
Copper was also suggested by the knowledge that in some of the 
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molluses and crustacea it is known to exist as an integral part of 
the compound hemocyanin, which functions as a respiratory pig- 
ment similar to hemoglobin in the higher animals. 

The response in this preliminary experiment of copper sulfate 
feeding was indeed surprising. This preliminary experiment was 
with but a single animal but the effeet was so convincing and help- 
ful that we want to record in Chart V the weight record and hemo- 
globin curve of this single animal if for no other reason than its 
historical interest. We think that this is the first experiment 
(Fig. 1) in the literature giving to copper in association with iron 
the specific function of hemoglobin building in a mammal on an 
otherwise satisfactory diet. 

After securing these results with the copper-iron-whole milk diet, 
it becomes possible to discuss intelligently the results secured with 
the fractionation of the lettuce ash and the ash from the E. L. 
preparation. As shown in Chart III the fractionation of the ash 
of lettuce through the use of ammonia gave mixed results; that is, 
both the ammoniacal precipitate and the filtrate were effective 
although the precipitate was perhaps somewhat more potent. 
Copper salts are known to be soluble in ammonia and theoretically 
should be largely in the filtrate, but when one is dealing with a 
very considerable colloidal precipitate of FePO, and small amounts 
of copper, the chances for adsorption of some of the copper are 
extremely large; while, on the other hand, some of the copper 
would go through into the filtrate. In our fractionation with 
ammonia only one precipitation was carried out, making it alto- 
gether probable that the partition of the copper between theFePO, 
precipitate and the filtrate is the explanation of the results secured. 

We began to surmise that in the fractionation of the EK. L. 
preparation, the silica fraction proved to be cnactive because of 
the complete extraction of the copper with HCl; that the H.S 
fraction was active because of the relatively complete removal of 
the copper with that reagent and its presence in that fraction; that 
the NH,OH-(NH,).S fraction was inactive because the copper 
had been too completely removed with H.S; and that the filtrate 
from the NH,OH-(NH;)S precipitate was inactive because the 
copper had already been removed too completely by the reagents 
used, particularly the 
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Further Experiments with Copper. 


After the definite response made by Rat 621 to a whole milk- 
Fe-Cu diet, other levels of Cu feeding were begun, in one series 
Merck’s c.p. CuSO,-5H2O being used, and in a second series a 
specially prepared copper sulfate. This last named CuSO, was 
prepared from JXahlbaum’s electrolytic sheet copper by dissolving 
10 gm. of this in HNOs;, evaporating to a low volume, taking up 
with warm dilute H.SO,, and then letting the solution stand in the 
ice box to crystallize. The crystals were filtered off, dissolved in 
H.O, evaporated to a small volume, and again set aside for 
crystallization. ‘The feeding experiments were begun with the 
administration six times per week of 0.01, 0.05, and 0.10 mg. of 
Cu as the dose per individual rat. 0.5 mg. of Fe as FeCl; was 
given in addition. We aimed in this series to work with concen- 
trations of Cu a great deal lower than in our first trial. 

The data from these experiments are shown in Chart VI. The 
animals which received the 0.05 mg. and the 0.1 mg. levels of 
copper had a very rapid recovery to normal hemoglobin. Those 
which received only 0.01 mg. of copper soon showed marked 
increases with a final return to normal. An improvement in 
physical well being as evidenced by greatly increased appetite, 
smoother coats, and increased vigor and activity was a pronounced 
accompanying phenomenon. 


Copper Content of the I. L. Preparation. 


From the standpoint of the above results, it becomes intelligible 
how the E. L. preparation might owe its activity to its content 
of copper. We have already mentioned that the H.S fraction of 
the ash was active and that the ash was always of a pale blue 
color. Actual determination of the copper content of the ash 
by the xanthate method revealed 0.016 per cent of copper. When 
we fed our rats 0.3 gm. of the EK. L. preparation as such, we gave 
them an intake of approximately 0.05 mg. of copper daily. 
This amount when given as copper sulfate, it will be recalled, was 
corrective when administered as usual with 0.5 mg. of iron daily. 


DISCUSSION. 


The discovery that copper may be a factor in the building of 
hemoglobin in a mammal merits some discussion. That copper 
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occurs in plant and animal tissues has been known for some time, 
but as far as we know no definite function has been assigned to it 
except in the case of some molluses and crustacea where it is a 
constituent of hemocyanin—a respiratory pigment. 

Recently copper has been reported as occurring in blood both 
by McHargue (3) and by Warburg and Krebs (4)—the latter 
finding in the serum of human blood an amount approximating 
0.0017 mg. of Cu per ce. and an amount of about the same order 
associated with the serum proteins. They further report Cu as 
occurring in the blood serum of the dog, cat, rat, guinea pig, frog, 
chicken, and goose, as well as in association with the serum 
proteins of these same animals. 

From the limited data available in the literature, one would 
judge that the new-born come into the world fairly well stocked 
with Cu as well as Fe and during the suckling stage these reserves 
become exhausted with final dependence for a supply placed on 
the food material ingested. McHargue points out that the guinea 
pig is an exception to this rule and probably for the same reason 
that in this animal there is no prenatal store of iron, the young 
guinea pig eating vegetable material soon after birth, as it becomes 
independent of any large supply of milk sooner than most mam- 
mals. McHargue gives interesting data on the distribution of Cu 
in the tissues of cattle, reporting 400 mg. of Cu per kilo of dry 
matter in the liver of a calf 5 days old and 50 mg. in the same 
quantity of liver of an ox; while the liver of a calf born dead con- 
tained 908 mg. of Cu per kilo of dried material. Of all the organs 
analyzed, the liver was the richest in Cu. The spleen of the ox 
contained 16.6 mg. and lean meat but 4 mg. per kilo of dried 
material. 

Recently the use of liver and liver extracts has come into 
prominence through the work of Minot and Murphy (5) and Cohn 
and associates (2) in the treatment of pernicious anemia. The 
Lilly preparation used by us was made essentially according to the 
directions of Cohn and associates. The fact that this preparation 
was found effective in the treatment of anemia in the rat exactly 
as it has been found effective in the treatment of pernicious 
anemia in man, appeared to us rather significant. Another fact 
that the effectiveness of this preparation could be duplicated in 
our experimental animals by the use of copper alone, which is a 
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constituent of the E. L. preparation, impressed us still more, 
suggesting more than a casual incidental connection. It is 
realized that the successful treatment of the two anemias need 
not necessarily be alike because of the evidence for the excessive 
hemolytic destruction in some forms, but it is believed that any 
combination of factors that facilitates the production of hemo- 
globin when the diet is otherwise entirely satisfactory, cannot 
help but have an ameliorative, if not corrective, effect in all types 
of anemia. 

How copper exists in plant and animal tissue is unknown, but 
McHargue (6) was able to show its presence in the ash of a hot 
95 per cent alcohol extract of blue-grass. It will be recalled that 
we showed that the ash of the cold 95 per cent alcohol extract of 
cabbage or lettuce was effective in correcting anemia when ad- 
ministered together with iron. We have now assayed these 
extracts for copper and shown it to be present, giving us presump- 
tive evidence that it may have been the copper which was respon- 
sible for the effect produced by these preparations. As to the 
form in which Cu occurs in liver, we have no data, but in the 
E. L. preparation it presumably is not in alcohol-soluble combina- 
tion. The form in which it occurs in various materials may have 
a further modifying effect upon the action of Cu. 

According to McHargue the Cu content of liver may be very 
variable, depending upon the age of the animal and possibly upon 
the food source as well as the species. 300 gm. of fresh ox liver 
(approximately the daily portion recommended in the Minot- 
Murphy diet) would contain about 4 mg. of Cu, while 300 gm. of 
fresh calves’ liver would contain according to the limited data of 
McHargue about 30 mg. of Cu. Six vials of the E. L. preparation 
in our possession—the daily dosage recommended—would contain 
about 4 mg. of Cu. Apparently in the method of preparing from 
liver an active reagent against pernicious anemia as devised by 
Cohn and his associates, the Cu content of the original liver has 
become fairly well concentrated in the final product. We are 
informed that hog liver, which is reported to contain about the 
same amount of Cu as beef liver, is the main source of this prepara- 
tion. 

We are, of course, in no position to state how much copper a rat 
needs in order to maintain its synthesis of hemoglobin at a normal 
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rate, because milk is well known to contain copper not only as a 
normal constituent, but frequently as a contaminant from dairy 
utensils. Supplee and Bellis (7) give the average Cu content of 
milk as 0.52 mg. per liter with the amount in the milk of individual 
cows varying from 0.2 to 0.8 mg. of Cu per liter. Assuming a 
daily consumption of 35 cc. of whole milk for a 50 to 75 gm. rat, 
the Cu intake according to Supplee and Bellis’ data would be in 
the neighborhood of 0.017 mg. Copper determinations on the 
milk we have used in these experiments show an amount equal to 
0.32 mg. per liter. This determination was made by ashing the 
milk, precipitating the Cu from an acid solution with HS, and 
finally determining the Cu by the xanthate method. With a 35 
ec. daily consumption the amount of Cu ingested would have been 
approximately 0.010 mg. By supplementing this milk with a 
daily administration of 0.3 gm. of E. L. preparation with its Cu 
content of 0.05 mg., the total Cu intake in the corrective diet would 
be about 0.06 mg. 

How copper in the presence of iron and an otherwise satisfactory 
diet functions in hemoglobin building is almost idle speculation. 
So far as the literature shows, hemoglobin does not contain copper. 
We might advance the orthodox suggestion that the copper acts 
as a catalyzer for some reactions concerned in hemoglobin building 
just as iron functions in the production of chlorophyll, although it 
is not a constituent of the chlorophyll molecule. We believe that 
our work emphasizes the necessity for the intensive study of the 
action of small amounts of inorganic elements in nutrition. Only 
when some important function is involved in a type of reaction 
that lends itself to ready observation or quantitative measurement 
are the conditions suitable for making progress in this attractive 
field. 


SUMMARY. 


An Eli Lilly and Company preparation from liver, manu- 
factured under the auspices of the Harvard committee for the 
treatment of pernicious anemia in man, was found effective in the 
cure of anemia in rats kept on a whole milk diet supplemented 
with iron. 

The ash obtained by the incineration of the Lilly preparation 
was also active. 
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HCl extracts of the ash of lettuce, previously reported active, 
could not be separated sharply into an active and inactive fraction 
by precipitation with ammonia. 

HCl extracts of the ash of a Lilly preparation treated with H,S, 
followed by NH,OH-(NH,).S, concentrated the potency in the 
fraction. 

Copper, as one of the elements to be found in the HS fraction 
of the Lilly preparation, showed itself to be highly active. 

We have secured no evidence for the existence of an organic 
factor necessary for hemoglobin synthesis in rats kept on a whole 
milk diet supplemented with 0.5 mg. of iron daily. 

Our experiments point to the need for a more intensive study 
of the role of small amounts of inorganic substances in the diet. 
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For the detection of Indole 
Use the Eastman Organic Chemicals 


Iso-Amyl Alcohol (Zoller test) 
p-Dimethylaminobenzaldehyde (Ehrlich test) 
Oxalic Acid (Koser and Galt test) 


All three chemicals are supplied in the Eastman grade so 
that no additional purification is required, We shall be glad 
to send directions for use or literature references for any of 
these reagents. 


Write for List No. 18 
““dmerica’s Handbook of Organic Chemicals’ 


Eastman Kodak Company 


Research Laboratories Rochester, N. Y. 
Accurate 
Measurement--- of refractive 


indices and dispersions 


of fluids, solids and plastic bodies can readily be determined 
with the B. &. L. ABBE REFRACTOMETER. Because 
of its simplicity, ease of manipulation and the importance 
of its findings, it is widely used in chemical and physical 
laboratories. 


This instrument measures indices ranging from nD 1.3 
to 1.7. An accuracy of one or two units in the fourth deci- 
mal can be obtained. Charts supplied with each instru- 
ment enable dispersion readings to be taken with the same 
accuracy. The index is read directly on a sector scale the 
intervals of which have been calculated for the constants 
of the glass used in making the ABBE prisms. 


Bausch & Lomb Abbe Refractometer with Heatable Prism, 
Abbe Compensator, table of dispersion and conversion 


Bausch & Lomb Optical Co. 
St. Paul St., Rochester, N. Y. 
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This cut illustrates a very 


satisfactory mounting for In-? 
ternational Centrifuges. It: 


offers: 


Convenient Access 
Portability 
Absorption of Vibration 


Electric Installation 


hence its name 


PORTABLE VIBRATIONLESS STAND 


International Equipment Company 
352 Western Ave., Boston, Mass. 


A Service for You J 
In order to help make this journal of the greatest possible value 
to its readers, a Service Department has been instituted. Its ||} ™™ 
primary object is tobe of assistance tothescientistin hisproblems. || |: 
Often, the scientific research worker, on account of the demands 5 t 
of his work, finds difficulty in keeping abreast of the rapid de- ||| *‘ 
velopment in equipment, apparatus, and supplies. He may be ‘ 
in need of equipment yet without information as to where it may nM 
be purchased. 
The Service Department of this journal is fitted to answer such 
queries. It aims to render prompt and courteous service without 
charge and without obligation. 
Paci! 
Fran 
Address SERVICE DEPARTMENT Har 
Hab 
THE JOURNAL OF BIOLOGICAL CHEMISTRY 
MOUNT ROYAL AND GUILFORD AVENUES, BALTIMORE, MARYLAND 
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GLUCOSE (DEXTROSE) 
C. P. PFANSTIEHL 


tors as the source of rare carbohydrates and 
amino acids for bacteriology and nutrition. 


We are specializing on the preparation of 
Glucose C. P. for intravenous injection. This 
is prepared according to methods approved by 
the leading investigators. 


500 gram bottle $3.25. 


For sale through the distributors of fine 
laboratory chemicals. Or apply direct for 
dealer’s name. 


y : especially prepared 
| 4 for intravenous injection 
t Our laboratories are known to investiga- 


: 3 Write for our booklet of Pfanstiehl Carbo- 
m4 7 hydrates, Amino Acids, Blood Test Solutions 
Rete and Rare Laboratory Chemicals. 


| = SPECIAL CHEMICALS COMPANY — 


WAUKEGAN, ILLINOIS 


66 39 
; EIT Z Buerker” Colorimeter 
Patent applied for 
EST’D: 1849 Designed after suggestions of Prof. K. Buerker 
, In Stock for Immediate Delivery 
; |] | Through the use of a new prism combination perfectly symmetrical 


light rays are obtained. Its advantages are as follows: 


. The “Albrecht Huefner” prism renders symmetrical optical rays and prevents 
the appearance of color aberration within the optical system. 

This prism divides the two comparison fields by a mere hair-line. 

The special containers for the diluent, practically eliminate the influence of 
the diluent and reduce the error to a mere minimum. : 
Clinicians, using this instrument, have easily been able to make readings 
within an accuracy of 0.3%. : 

The construction resembles a microscope stand and is arranged in a most 
convenient manner, at the same time is small in dimensions. ; S 
Sliding metal doors close the entire colorimeter in an absolutely light-tight 
j manner. 


Price $125.00 
“Discount to Educational Institutions ina Licspitals”’ 
WRITE FOR PAMPHLET No (Ss) 21&¢ 


E. LEITZ, Inc. 


60 E. 10th Street, New York, N. Y. 


AGENTS: 

Pacific Coast States: Spindler & Sauppe, Offices at San 
Francisco and Los Angeles, Cal.—Canada: The J. F. 
Hartz Co., Ltd., ‘Toronto 2, Canada.—Philippine Islands: } 
Botica de Santa Cruz, Manila, P. 1.- Cuba: Antiga & Co., 4 


Habana, Cuba. 


| We are exhibiting at the A.M.A. Convention, 
Minneapolis, Minn., June 11th-15th, 1928, 
at Booth No. 81. 
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AMERICAN 


All Sections NORTH—EAST—SOU TH—WE S T——AII Seasons 


Adequately and accurately covered by 


ARLCO-POLLEN ExTRACTS 
for Diagnosis and Treatment 


TREE HAYFEVER can be 
accurately identified by skin test 
with the pollens of locally preva- 
lent trees and thereby differenti- 
ated from the “common colds” 
of early spring. 


GRASS HAYFEVER begins 
about the time tree hayfever ends, 
viz. May 15th, and need not be 
confused with the earlier appear- 
ing and sometimes overlapping 
tree hayfever. 


WEED HAYFEVER—August 
to frost—is unrelated to the pre- 
viously occurring grass hayfever 
and is occasioned, according tothe 
locality, by such late pollinating 
plants as the Ragweeds—Russian 
Thistlh—Weestern Water Hemp 
—Carelessweed—or Sage Brush. 


AN ARLCO-POLLEN COLLECTOR 


LIST of pollens for any section—any season—with commentary circular 
discussing the treatment of hayfever by preseasonal or coseasonal method, 
with respective schedules of dosage—sent on request. 


THe ARLINGTON CHEMICAL COMPANY 
Yonkers, N 
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VAN SLYKE-CULLEN UREA APPARATUS 


WH 


For Determination of Urea in Blood, Urine, Spinal Fluid, 
by the Urease Fermentation Method 


A Compact Unit for Simultaneous Aeration 


Nine tubes (200 x 30 mm.) are supported in a wooden 
rack, which enables four samples to be run simultane- 
ously. The extra tube serves as a wash bottle for the incom- 
tng air. Each tube is fitted with an inlet and exit tube 
with a trap for entrained liquids. 


(For Method, see “Practical Physiological Chemistry,” 
by Hawk and Bergeim.) 


Supplied complete without suction pump for $13.00. 


FISHER °company” 
d COMPANY 
Laboratory Apparatus and Reagents for Chemistry, Metallurgy, Biology 


PITTSBURGH, PA. 


IN CANADA, FISHER SCIENTIFIC CO. LTD., 472 MCGILL ST., MONTREAL 
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PHYSIOLOGICAL 
ABSTRACTS 


Monthly, price 5s. net. Annual Subscription, post free, 42s. 


This Journal is issued by the PHYSIOLOGICAL 
SOCIETY, acting in co-operation with numer- 
ous physiological organisations, in Great Britain, 
America, and other countries. The Editor, Prof. 
J. MELLANBY, is assisted by a staff of competent 
abstractors both at home and abroad. 


The Journal aims at issuing promptly abstracts of 
the papers published throughout the world, in 
physiological and allied sciences (including Plant 
Physiology). 


A number is published at the beginning of each 
month. 


Volume XII. began with the April (1927) issue. 


Subscriptions are only taken for April to March 
of the next year, and are payable in advance. 

Back numbers, excepting some which are out of print, may 
be obtained from the Publishers, or any Bookseller. An 


extra charge is made for some numbers the stock of which is 
nearly exhausted. Prices on application. 


Binding Cases, price 2s. net, are supplied by the 
Publishers, who can also arrange for binding; 
prices on application. 


Published by H. K. LEWIS & CO., LTD. 
136 GOWER STREET, LONDON, W. C. 1 
Publishing Office, 28 GowER PiacE, Lonpon, W. C. 1 


Subscriptions may be patd through any Bookseller 
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The Klett-Bio Colorimeter 


Patented April 21, 1925 and Pat. Applied tor 


7 Points of Merits 
1. Color comparison, scale reading and result table can be observed 
under magnification from top of instrument by means of a lens with 
two different foci. 

2. Both stages are moved by rack and pinion with spring action. 

3. Equipped with the well-known Klett top reader; easy setting 
of zero point. 

4. Sub-stage lamp controlled by 
switch givi ing a daylight effect; also 
equipped with a reflector for daylight. 

5. Revolving result 
table ranges from 6 mm. to Standard 
36 mm. at 15 and 20 mm. 
standard in 1/10 millimet- 
ers; also has separate table 
for the Newcomer hemo- 
globin standard with direc- 

its use. 

Table is il- 0 4 2 
stage lamp. 

Cups and 


] t 
solvent, being di Klett Mfg. Co., Inc. 
t . t 
202 E. 46th St., 


pn New York, N. Va U. S. A. 
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Journal Laboratory 
; and Clinical Medicine and sold through the leading Laboratory 
Price $65.00 without Newcomer Standard April, 1925 Supply Houses 


COMMERCIAL PREPARATION 


ERGOSTEROL, Mead 


is offered as a white, crystalline powder which will dissolve in ether with- 
out turbidity. The melting point, not below 160°, indicates exceptional 
purity. Supplied in bottles of 1 gram. 


SOLUTION ERGOSTEROL ACTIVATED, 
Mead 


is ergosterol activated by irradiation, and dissolved in a protective oil. 
Activated ergosterol exhibits the physiological properties of vitamin D, 
with which it is perhaps identical chemically. Supplied at a potency 100 
times that of cod liver oil. 


Prices on application 


MEAD JOHNSON AND COMPANY 
Evansville, Indiana, U. S. A. 
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The priest-doctor 
served a 
purpose 


Equippep with only the crudest 
simples and a practical knowledge of 
primitive psychology, priest-doctors 
often did a helpful service in their 
communities. But the measure of 
service done by the modern medical 
profession is as far in advance of the 
tribal priest-doctor as organized 
modern society is beyond the tribe. 

The growth of medical knowledge 
is the result chietly of selected experi- 
enee, experimentation, and a widen- 
ing out of the sources of therapeutic 
supplies. Opium, quinine, chaul- 
moogra oil mark definite steps in 
progress. But the most notable 
advance in the tield of materia medica 
is the strictly modern use of organo- 
therapeutic materials. 

For thirty years the Armour Lab- 
oratory has specialized in the produc- 
tion of such materials. HKnzymes— 
Thyroid—Corpus Luteum—Ovarian 
Substance—Pituitary Liquid—Para- 
thyroid—Suprarenal Substance—and 
Ligatures——iwhen bearing the Armour 
label are recognized as dependable 


and of the highest quality produced. 


ARMOUR COMPANY 
Chicago 


PHARMACEUTICAL 


| 


Wish to purchase 


Journal of Biological Chemistry, Journal of Pharm 
cology and Experimental Therapeutics, Biochemie 
Journal, unbound or bound, as well as odd volumel 
or copies 
We have for sale, Medical and Chemical, — 
Magazines. 
— copies, volumes, and complete files 

- LOGIN & SON’ _ 29 East 21 St., New York | 


CLASSIFIED ADVERTISING 
$3.00 PER INCH 


POPULAR 
RESEARCH NARRATI VES | 
VOLUMES I, Il 

Edited by ALFRED FLINN : 
Two small volumes of 50 five-minute} 
stories of research and invention by the 
men who ‘did it’. Sponsored by Eng 
neering Foundation. | 


Volume I, $.50 Volume II, $1.00 


The Williams & Weeins Company 
Baltimore, U.S.A 
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W heat Germ 
Oil 


Announcement is made 
to those interested in 
studies with wheat germ 
oil that the refined oil 
for experimental work 
may be obtained without 


charge by application to 


Dr. John F. Anderson 
Director, Biological Laboratories 
E. R. SQUIBB & SONS 
New Brunswick, N. J. 


| 12 
| | 
| 
| 


CONTENTS—Continued 


Levy, Mitton, and Doisy, Epwarp A. The effect of borate on the oxidation of glucose 
McCo.uivuom, E. V., Rasx, O.8., and Becker, J. ERNESTINE. A study of the possible réle- 
of aluminum compounds in animal and plant physiology. Plate 1................ 753 
WavDDELL, J., STEENBOCK, H., ELVEHJEM, C. A., and Hart, E. B. Ironin nutrition. V. 
The availability of the rat for studies in anemia....... 
WavDDELL, J., ELVEHJEM, C. A., STEENBOCK, H., and Hart, E.B. Ironinnutrition. VI. 


Iron salts and iron-containing ash extracts in the correction of anemia........... 
Hart, E. B., StEENBocK, H., WappDELL, J., and Eitveusem, C. A. Iron in nutrition. 
| VII. Copper as a supplement to iron for hemoglobin building in the rat.......... 


The Journal of Biological Chemistry is designed for the prompt publication of original 
investigations of a chemical nature in the biological sciences. It is issued monthly, and since 
its foundation in 1905 fifty-three volumes of between 500 and 600 pages each have been com- 
pleted. Beginning with Volume LIV the size of each volume has been increased to approxi- 
mately 800 pages. Indices for Volumes I to XXV and for Volumes XXVI to L have been 
published. The price of each index to subscribers is $2.00. The price to others is $3.00. 

Contributions may be sent to any of the editors. Authors receive 100 reprints of their 
papers free of charge; additional copies may be obtained at cost. 

SUBSCRIPTIONS. The subscription price, beginning with Volume LIV, payable in ad- 
vance, is $5.00 per volume to subscribers in the United States and Canada; $5.25 to those in 
other countries. The price of the earlier volumes is $3.00 per volume to subscribers in the 
United States and Canada; $3.25 to those in other countries. The number of volumes issued 
yearly averages four, but is variable; it is not possible therefore to quote a yearly subscription 
rate. The price of single copies varies; it is given on the back cover of each number. 
mittances should be made by draft or check, or by postal money order payable to The Jour- 
nal of Biological Chemistry, Mount Royal and Guilford Avenues, Baltimore, Md. 

The price of this number is $2.50. 


ACCEPT THIS VALUABLE BOOK 


With Our 
Compliments 


Here is a clear and complete explanation 
of Hydrogen Ion Control with lots of 
practical data on its application in many 
different fields. More than 100 of the 
most eminent authorities in the various 
fields have assisted in the preparation of 
the section on “Applications” so that 
the information it contains is both accu- 
rate and authoritative. 


We believe “The A B C of Hydro- 
gen Ion Control” is of interest and 
value to every biologist, bacteri- 
ologist and pathologist. May we 
send you a copy? There is no 


Write to-day for your copy obligation involved. 
LaMotte Chemical Products Co. 


430 Light St., Baltimore, Md., U.S.A. 


of 
Hydrogen Ion 
Control 


e ABC 


CONTENTS 


Coun, Epwin J., Minot, GrorGe R., ALLES, Gorpon A., and Satter, T. The 


nature of the material in liver effective in pernicious anemia. II................ 305 
ArtyaMa, Nosorvu. The formation of methylglyoxal from hexose phosphate in the 

Harnes, ALtvin R. The colorimetric determination of lipoid phosphorus in blood. .... 45 
Wona, San Yin. Colorituetric determination of iron and hemoglobin in blood. II..... 409 


McCuenpon, J. F., ANDERSON, Hitpine C., F. R., ConKiIn, Cuarre, and 
WuHiTaKeErR, MiupRep. A simple respiration apparatus for determination of oxygen 


Hogan, ALBERT G., HUNTER, JESSE E., and Kempster, Harry L. Acceleration of growth 


Gauuvup, Wituis D. The value of iron salts in counteracting the toxic effects of gossypol.. 437 
REDFIELD, ALFRED C., and Mason, ELEANOR D. The respiratory proteins of the blood 
III. The acid-combining capacity and the dibasic amino acid content of the hemc 


SanyuNn, MELVILLE, and BuATHERWICK, N. R. Effect of intraperitoneal injections of 
insulin upon the blood sugar of well fed eee 
Biscnorr, Fritz, BLATHERWICK, N. R., and Sauyun, MELVILLE. Concerning the simi- 
W. M., and ANDERSON, EpmMunp G. E. Polarized light and starch 

Catvery, H. O. Some chemical investigations of embryonic metabolism. I. The - 
isolation of four pentose nucleotides from chicken embryos....................... 
Catvery, H. O. Some chemical investigations of embryonic metabolism. II. The 
isolation of a hexose nucleic acid from chicken 


MEEKER, GEorGE H., and REINHOLD, JoHN G. Titrimetric quinhydrone electrodes. A 
comparison with the hydrogen electrode for hydrion concentration determinations 
in plasma, whole blood, and other biological 
Aupricu, MartHa, and BLeEpsoE, Mary Sve. Studies in the metabolism of the bile. I. 
os oe Pettenkofer test applicable to the determination of bile acids in the 
GREENWALD, Istpor. The chemistry of Jaffe’s reaction for creatinine. IV. A compound vi 
of creatinine, picric acid, and sodium 
Reep, C. I. On the state of plasma calcium in parathyroidectomized dogs............. 547 
LEevENE, P. A., and Hatter, H.L. Configurational relationships of 2-hydroxyvaleric and 
Lona, C. H. The effect of anesthesia on the recovery process in mammalian skeletal 
Quick, ARMAND J. Quantitative studies of 8-oxidation. I. The conjugation of benzoic 
acid and phenylacetic acid formed as the end-products from the oxidation of pheny!- 
581 


MitHorat, Apotex T., and CHaMBEerRS, WILLIAM H. The effect of insulin on protein 
CHAMBERS, WILLIAM H., and MitHorat, T. Muscular exercise and nitrogen 
Connor, Cuartes L. Studies on lipochromes. III. The quantitative estimation of 
a, Seraius. Sulfur metabolism and partition of sulfur in the urine of fasting 
and PERLEY, ANNE. A note on the Kramer-Tisdall potassium 
Evans, Hersert M. The effects of inadequate vitamin A on the sexual physiology of 
Waiter, F. D. Reducing substances in the blood of the dogfish, Squalus sucklii, and 
Levene, P. A., and Wotrrom, M. L. Lactone formation of cellobionic and of giuco- 
arabonic acids and its bearing on the structure of cellobiose..................6++ 671 
Levene, P. A., and Watt, A. Studies in polymerization and condensation. II. Prod- 
ucts of interreaction of potassium acetate and epichlorohydrin.................. 
Myers, Victor C., and WarpDELL, EmMaL. The influence of the ingestion of methyl xan- 
Krecu, Veon Carter, and Luck, James Murray. The estimation of urea and amino acid 


} 


Contents continued on inside cover page | 


485 55 55 GSS 885 283 BS 


| 


